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— This work addresses the design and analysis of the

o

Pitch, Yaw and Roll autopilot for application to the
Bank-To-Turn (BTT) missiles. At first, the linear

uncoupled channels were designed and analyzed according to

A=
:}T the desired requirements. Utilizing the uncoupled

3 channels, the linear coupled autopilots were designed, not
ﬁj; including the inertial, kinematic and aerodynamic

‘iﬁ cross-coupling. Then, the nonlinear CBTT autopilots were
;g designed and analyzed, using the linear CBTT (coordinated
ﬁg Bank-To-Turn) models, which now have coupled with

ﬁE 6%5; kinematic, inertial and aerodynamic cross-coupling. The
“1 minimization of the above kinematic and inertial coupling
@% and their effects were completed using feedbacks of

R angle-of-attack and rate of angle-of-attack in the Pitch
:j autopilot.
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TABLES OF SYMBOLS AND ABBREVIATION

BTT Bank-to-Turn
CBTT coordinated Bank-to-Turn, minimum sideslip,
positive a, *. 180 deg
CRDT coordinated Roll-During-Turn
c, }olling moment coefficient
C‘ slope of curve of rolling moment coefficient,
C vs 8
8 [}
cz change in cz Per degree roll control incidence,
GR é :
R
cl change in C, Per degree yaw control incidence,
GY $
Y
Cm pitching moment coefficient
Cm slope of curve of pitching moment coefficient
a C. Vs a
m
cm change in Cp Per degree pitch control
s
P incidence, Sp
Cn normal force coefficient
Cu slope of curve of normal force coefficient Cn
a vs a
cN change in Cy Per degree pitch control
s
P incidence, 8p
Cn yawing moment coefficient
Cn slope of curve of yawing moment coefficient, Cn
8 vs 8

.
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pitch angular acceleration about Yg

constant or equilibrium pitch angular rate

yaw angular rate about Zp

Yaw angular rate command (coordination command)
yaw angular acceleration about ZB

reference area for coefficients = « ft2

Skid-to-Turn, roll attitude stabilized

velocity component in Xy direction

velocity component in YB direction. assumed to
be constant

constant missile flight path velocity
missile velocity vector

velocity component in Zq direction

body-fixed roll axis, along axis of symmetry,
positive forward

body-fixed pitch axis, positive starboard

vehicle axis in local horizontal direction,
approximated as inertial axis

body-fixed yaw axis, forms right handed
orthogonal system with Xp and Yg

vehicle axis in downward direction along local
gravity vector, approximated as inertial axis

achieved normal acceleration in zv direction

commanded normal acceleration in zB direction
achieved normal acceleration in Yg direction

achieved normal acceleration in Zg direction

18




N
Ny ",;:',-] Cn change in Cn per degree yaw control incidence,
) GY GY

el
i.;‘ Cn change in cn per degree yaw control incidence,
‘-". y GR 6l"t
0 Cy side force coefficient

Nt
;3:%3 CY slope of curve of side force coefficient CY vs
W, 8 8
}\‘-;‘3‘,‘

Cy change in Cy per degree yaw control incidence,

ﬁy?w Sy 6Y

o)
o
""j,'n Cy change in Cy Per degree roll control incidence,
a2 LI ]

) R
9933
N d reference length for cefficients = 2 ft.
iy
; < S vy moment of inertia about Y, axis
- % 1zz moment of inertia about Zp 2axis
‘,\d‘.‘
P Iex moment of inertia about X, axis

-
) Ky autopilot pitch acceleration error gain
o Kyp CBTT autopilot coordination branch gain

e ¢
’..::j_': LBTT limited Bank-to-Turn may or may not be

coordinated, positive and negative a, ’e‘ 90
or 45 degrees

R
Ppuns

£

ey
o P roll rate about xB

" N

Wi

' \‘: P roll acceleration about Xg

430

A l“e constant or equilbrium roll angular rate
talty

o POC preferred orientation control

%’\;

E-.'-‘-‘.'j q dynamic pressure

%l

X .J

\g;;f q pitch rate about Yp

e o~

;fi.‘;;ﬁ sty
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------ CRAEG RSN B,

ny achieved normal acceleration in Yy direction

ng normal acceleration command from guidance
computer in Zy direction plus anti-gravity bias
command

L roll attitude command from guidance computer,

zero degrees in zv direction and 90 degrees in
Yv direction

¢ roll attitude, zero degrees in -Zy direction
and 99 degrees in Yv direction

(-] Elevation Euler Angle, second rotation,
(q cosé¢ - r sine¢) dt

pitch control incidence (positive tail

P incidence produces negative pitching moment)*

‘Pc commaﬁded pitch control incidence, §p

8y yaw control incidence (positive tail incidence
produces negative yawing moments)*

‘Yc commanded yaw control incidence, 8y

$o roll conntrol incidence (positive tail
incidence produces positive rolling moment)

cRc commanded roll control incidence, LY

cq constant or equilibrium angle-of-attack

o angle-of-attack

a ange-of-attack rate

s modified form of estimated angle-of-attack for
autopilot coordination command

B angle of sideslip

sideslip angular rate
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I. INTRODUCTION

In recent years, the application of Bank-to-turn
guidance to missiles has generated considerable interest.
This interest has been motivated by the drag reduction, i
which the Bank-to-turn (BTT) controlled missiles offer, I
over the conventional cruciform roll stabilized,
skid-to-turn controlled missiles.
Bank~-to-turn steering may provide improved performance
for missile systems. In addition, the ramjet engine inlet
configuration is believed to provide a greater range
capability than other inlet configurations. BTT control is
required to satisfy the sideslip constraints imposed by
chin inlets. Despite these facts, there are unanswered
questions concerning BTT systems stability during homing,
guidance performance, autopilot and guidance logic design
and subsystem requirements which must be investigated

before Bank-to-turn steering can be considered a viable

- method of control for high performance missiles.

Many missile programs were initiated during the past

decade to improve their capability via Bank-to-turn

- control. The results have advanced the understanding of

the different missile subsystems. 1In the autopilot area,
many types of autopilots have been found which force the

missile to roll or bank so that the steering maneuver

22




occurs with the airframe oriented in a specified or

preferred direction with respect to the incoming airstream.
This entire class of autopilots may be referred to as
preferred orientation control autopilots.

Also, simplified guidance studies which neglect radome
effects and assume coordinated missile motion have shown
that CBTT can provide acceptable performance with roll
rates that are not excessive for autopilot control. These
studies were made for a medium range area defense mission
and a long range suppression mission and considered both
high 1lift and moderate lift configurations [Ref. 1].

The present work reviews the design and analysis of

the pitch, Yaw and Roll autopilot for application to the

Bank-to-turn (BTT) missiles developed in [Ref. 2]. At
first, the linear model of the uncoupled autopilot channels
will be designed and analysed in the critical areas of
concern regarding the response of CBTT control for the
circular and elliptical airframes. Then, the designed
autopilot channels will be coupled using suitable
aerodynamic models and a measure of sideslip control is

obtained by roll command to the linearized CBTT autopilot.

The relative stability of the autopilot branches and means

A

b for improving stability will be discussed. In a later

>

v chapter the non-linear three dimensional model will be

e

ﬁi oy designed, using a three dimensional aerodynamic model and
=

Yad
>

r"s ‘e e
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the same control laws described in the linear studies,
except for a minor modification to the coordinating branch
dependence on Angle-of-Attack and also the inclusion of
Anti-Gravity Bias. Next, the kinematic and inertial
coupling effects between pitch and yaw dynamics will be |
studied. Transients in maneuver plane acceleration are
caused in the above cross-coupling effects and are in the
form of overshoots and undershoots. Coupling transients
will be reduced by increasing pitch stability. The
technique of feedbacks of Angle-of-Attack and rate of
Angle-of-Attack for the pitch autopilot, will be
considered, in order to decrease kinematic and inertial
cross-coupling effects. Finally conclusions and

recommendations for future stuéy will be stated.
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II. LINEAR DESIGN AND ANALYSIS OF UNCOUPLED AUTOPILOTS

FOR CIRCULAR AND ELLIPTICAL AIRFRAME

a, GENERAL

The linear design and analysis started with uncoupled
autopilot channels, i.e. aerodynamic, kinematic and contrnl
law cross-coupling between Pitch, Yaw and Roll channels
were removed. The autopilot design technique was
classical, using a combination of frequency response and
root locus techniques [Ref. 2], providing the range of
required missile body angular rates, control motians and
minimizing the influence of aerodynamic variations on
desired responses. To achieve the desired maneuver plane
acceleration response for the CBTT autopilot, both Pitch
and Roll uncoupled autopilots were designed to have a time
constant of @.5 sec in order to achieve the desired
maneuver plane speed of response. The Yaw channel which
follows the Rnll channel motion to produce desired
coordination (i.e. minimization of sideslip angles), was
designed to have a more rapid response than the Roll
channel, having 8.39 sec for circular and 0.36 sec for
elliptical time constant in the maneuver plane acceleration
response. The whole design was done for the constant
flight condition of 60 KFT altitude and mach number 3,95,

The design discussed here was developed by Arrow [Ref. 2].
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In this chapter the airframe configurations, the

Y\ N WIS

aerodynamic models and control laws for the Pitch, Yaw and

Roll channel are reviewed. The transfer functions for both

I

circular and elliptical configuration are derived. An
analysis for every channel in regard to the acceleration
- responses, the body angular rates and control surface
deflection is made. Also, a comparison of airframe
responses for every channel is made, considering the
relative stability and required control surfaces.

A general block diagram, of the channels and the
command, which are applied to the control laws is shown in
Figure 2.1. A number of the Figures shown in this report

have been taken from [Ref. 2].

B. AIRFRAME CONFIGURATIONS

The U.S. National Aeronautics and Space Administration
maintains a continuing research effort in missile related
aerodynamics. 1In this effort monoplanar missile concepts
have been considered, in part, because of the relatively
low geometric profile that can be achieved for convenient
carriage {[Ref. 1]. The two Airframe Configurations studied
in this research were taken from [Ref. 1] and are shown in
Figure 2.2 and Figure 2.3. The circular cross sectional

body has a closure ratio Abase/A

nax of .69 and the Amax

occurs at 68.0% body. The Elliptical has an exact 3:1

26
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elliptical cross section, and its cross section area is the
same as the area of circular body. The span of both
airframes is the same. The wing area and span for the
circular concept were chosen as typical of current
maneuvering missiles. The wing for the elliptical
configuration was determined by projecting the elliptical
body on the circular bodywing planform. The resultant
exposed wing planform then became the wing for the
elliptical body. The tails for each design had a dihedral
of 38° degrees as shown in Figure 2.2. In order for tail
deflection to be compatible with complex surfaces of the
afterbody of the elliptical configuration, the tail hinge
line was skewed such that a 18 degrees deflection measured
at the body-tail juncture had a resultant 7.04 degrees
surface deflection, as shown in Figure 2.3 and [Ref. 1].
Comparison of the elliptical cross section concept with the
circular cross section concept indicates the following:

l. About 25 percent more normal force, that is nearly
independent of angle of attack can be achieved at
supersonic speeds.

2. Values of the longitudinal stability parameter Cn
are more positive, with more pronounced nonlinearities in 2
pitching moment occuring at subsonic speeds.

3. Levels of directional stability are increased and

are more compatible with levels of longitudinal stability.
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N
3 Qi&' 4. Noticeably more yaw control is available, although
;?{ suitable locations for tails on the body are more limited
'3& because of the geometry of the elliptical body.
B
&N C. UNCOUPLED LINEAR PITCH CHANNEL
iﬁ 1. Aerodynamic Model
- The initial phase in the design of the CBTT
N autopilots involves the design of the uncoupled pitch
235 channel. The linear pitch channel dynamic model which is
f:: used, is shown in Figure 2.5.
‘}é This figure is taken from [Ref. 2]. The above
;i model is linearized for stability studies. The following
N 'Jéf three assumptions were made:
::: ~ a. Plane Xg-2g4 is the maneuver plane, shown in
§E figure 2.4
*;} b. Missile is trimmed in pitch, that is My=0, at
ij fixed values of 8, q and GP'
.fg c. Missile roll rate is constant. Using the
-: foregoing assumptions, and the approximation that the
'?i variation in forward velocity (u), is equal to zero, a
E%f simplified set of longitudinal equations of motion are
ﬁ? constructed applicable to short period motion. These
T equations describe the two degree of freedom, short period
i; mode longitudinal motion.
f or. Linearized aerodynamic derivatives for M=3.95
ey
e are provided in Table I.
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TABLE I

Linearized Aerodynamic Derivatives (M = 3.95)

Circular Elligtical

a =8° oa=10° o =28° o =0° o =10° a = 20°
Cy - .065 - .082 - .111 - .43 - .@54 - .064
8
C, - .025 - .019 - .003 + .024 + .024 + .032
8
C" 0 - ogg - 002 - 0027 - 0040
8
Cy + .021 + .@022 + .028 + .0l6 + .@15 + .0819
~..'-
Q:E, C, - .050 - .953 - .062 - .@42 - .@39 - .845
é
Y
c, ) - .016 - .038 8 - .010 - .923
Sy .
Cy ) - .009 - .922 8 - .006 - .914
SR
C, ) + .018 + .944 ] + .014 + .832
Sg
c, + .031 + .035 + .044 + .023 + .023 + .029
$p
Cy + .15 + .17 + .22 + .18 + .22 + .39
a .
+ .04 + .04 + .05 + .92 + .62 + .025
- .066 - .065 - ,118 + .B15 + .@137 - .125
- .08 - .095 - ,115 -~ .055 - .@55 - .875

Reference C.G. at 0.6
34
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.2, Pitch Control Law

The pitch control laws for the circular and
elliptical airframes are shown in Figure 2.6 as given in
the [Ref. 2). Lag-Leads were used to prevent guidance
noise saturation problems. An integrator was used in the
acceleration error branch of the circular control law to
satisfy the guidance requirement of zero steady state
error. In the elliptical control law, an integrator was
placed in the vate error path (i.e path after the adder
(g+y), as shown in Figure 2.6) for reduction of the
acceleration response overshoot below 18 percent and a gain
K=1.1053 was placed in series with the acceleration command
for zero steady state acceleration error.

A normal acceleration command nzcequal to 1 gee,
is applied to the pitch control law which uses measurements
of missile body pitch angular rate (g) and pitch normal
acceleration (nz) to determine the required actuator

command (§ The actuator is modeled as a first order lag

R
at 188.4 rad/sec and is shown in Figure 2.5.

3. Transfer Functions of Aetqunamic Models for

Circular Airframe
The equations which are represented by the block
diagram of the aerodynamic model, of the uncoupled Pitch

channel (Figure 2.5) are:
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4= q5d s 3 Gagde | / Iy fradie]
nz=-§S[s;-3c..;,-Se+C-.‘n]/w [ gees] (11.C.3=2)

az 513{Q+32.2M, /v ] [Ae%] (1I.C.3-3)

Utilizing Laplace Transformation, the above

equation becomes:

. . d,
59= q'fdjc'““a*'s“c"" 2 (II.C.3-4)
Iyy
M= -95 (51.3 C..gP + C“q q)/w (I1.c.3-2)
sa= 5¥3(q+322M/V) (II.C.3-5)

Introducing equation II.C.3-2 to II.C.3-5 the last

equation yields.

Sd (Cu- + 5%3 Cmg. -S
tiny $q-= 3 (""‘ s P) (II.C.3-6)

Iyy

- 3. 95 (51.3Q;-SP+C~ -a
Saz 53 [q*'vi(‘ e a)>]

(II.C.3-7)

Rearranging above equations, in terms of q and a,

we obtain:

354 -
sq-<_‘;T.(qq>.q =<_5"_5..3V_‘5_'d_. C~€P>-Sp (II.C.3-8)

A4
Jal ol

PL’

-57.3q+<s+53%-(-"& a= (— -sﬁ;:,(q—s-'%p >";P (11.C.3-9)

Applying the Cramer's rule in the system of

vaa
R I

N

TR

equation I1.C.3-8 and II.C.3-9 the transfer functions q/6p

@  or. and a/¢8_ are obtained.
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And:

_ A Gy \ g 4+ 3283299 5d -Cmgp
W

1yy
a |

6 - -
P N <K.E|'-S Gia )S _ 5t335d g

W I\ly

(II.C.3-11)

Where:

K = Q57o3) (32-2) = @¢.48

v 2
= 3.14159 (£t?)

a om
(]

2 (ft)

1650 (1bs/ft2)

- 0
]

2
= -t
vy 864 (slug-ft”)

2525 (lbs)

X
]

C = -0006

C = -g.08

c, P =g.15
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As referred to in Appendix A and Table I. After
substituting the aforementioned values into equation
I1.C.3-16, it becomes:

q - 1.33¢4-S — 0.4%9
“x——': - . 1
P 22.54S5X46°5%+ 3.3633 X107 +1 (/sec)

Introducing equation II.C.3-12 into equation

(II.C.3-12)

II.C.3-2 the last equation yields:

53 k(35)" Gus e ) 5 31329(889) 4G, Ge
Mo il Ty W _ 51338
% 3. ( K9S Cua )-S- 5¥39 S d (ma W
W Iyy

Substituting the above mentioned values into

equation II.C.3-13 and minor manipulating, it yields:

" 106.074 X40°5° - 19.82
= - . ees /rad)
ap 22.545X40°%. 534 3.3633X46°S + 4 (9 (II.C.3-14)
The equations II.C.3-12 and I1I.C.3-14 are the

pitch aerodynamic transfer functions for the pitch angular
rate q about the YB and the achieved maneuver acceleration
in the Zg direction (nz).

4. Design Approach and Analysis For Circular Airframe

A Fixed Flight condition was selected for these
preliminary performance studies of circular and elliptical
airframes. The selected flight condition, at 6AKFT
altitude and mach 3.95, provides a sufficiently low dynamic
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pressure, so that missile maneuvers will result in large
enough angles-of-attack, to exercise side slip control.
The above fixed condition was selected, in order to reduce
the complexities of design of the CBTT autopilots.

The uncoupled autopilot design technique was
classical, using a combination of frequency response and
root locus technique [Ref. 2] to achieve practical
bandwidths (i.e., sufficient high frequency attenuation)
and therefore provides the range of required missile body
angular rates and control motions. The analysis of the
CBTT autopilot channels is based, on the time responses of
manuever plane accelerartion, body angular rates and tail
incidence angles.

For purposes of analysis, a CSMP program was
written (Appendix D) using the equations which are
represented by the block diagrams of aerodynamic model and
linear uncoupled pitch control law, as are shown in figures
2.4 and 2.6.

The equations of the uncoupled linear pitch
aerodynamic model and control law are:

a. Equations of Control Law

(1) Acceleration Filter Equation

i
- .M
Xz 3 2

-=o T 1 (II.C.4-1)

Rearranging above equation II.C.4-1 one obtains:
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X = -150X+ 450 13 (I1.C.4-2)

(2) Acceleration Compensator Equation

(Me~X)  (11.C.4-3)

Utilizing inverse Laplace Transformation and

rearranging the above equation, it becomes:

. . . -3
Y+5Y = ~4.3534 (M3, -X) -193.5X40™- (M3c-X) (II.C.4-4)
Using state-space representation of a systenm,
in which the forcing function involves derivative terms

[Ref. 5: pp. 675-678] one obtains:

?g =Y, ~1.3534 ('nz,_-x) (II.C.4-5)
Y. =-5Y; 46.532 - (Ma.~X) (II.C.4-6)
Y=Y (1I.C.4-7)

(3) Rate Compensator Equation

S
-15.6 (—5-6. 5+1) I1.C.4-8
SPC: (erq) ( T )
__é__.+'1)
(o.ms

Using Inverse Laplace Transformation, it

yields: ° -3, -
- - AP - X40 (Ye=X4 }-2.2308-(Vai-X4
&p, = ~0443-8p. - 340.58%40 (¥e-Xy ) (-Xa) o)
b. Actuator Equation (Figure 2.5):
dp= ! .OF (I1.C.4-9)
S
188:4 +1
41
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gt or
5‘, = —-483.4 SP + 188.4 SPc (II.C.4-14)
Cc. Equations of Aerodynamic Model
In order to achieve the plots of the time
response of q, n,, Gp in the linear uncoupled pitch

channel, the transfer functions which are represented by

the aerodynamic model and derived in section II.C.3, were

used:

q _ -1.33¢1S —0.153 (I1.C.4-11)
Sp 25,545 X10° 524+ 3.3635X40°S + 1

- <3
q (25545 X10°5%43.3633 X405 +1) = (- 433¢1-5- 0.159) - §p
(II.C.4-11a)

‘(‘:I"{\
Rearranging and minor manipulating equation

II.C.4-11la it yields:

G+ M0.102X40°G + 44.3556 q = 59235 8p -1.052:8P (11 ¢ ays
Utilizing state representation of a system in

which the forcing function involves derivative terms, as in

section I1.C.4, one obtains:

).(, = Xp - 59.2635 Sp (II.C.4-13)
v -3
X, = —44.3556 Xq-449.182X10X2+1383dp (II.C.4-14)

Also, rearranging and manipulating in the same

way, equation II.C.3-12 yields:

1, = 3, -f01904x15> &p (I1.C.4-16)
', i - -3
5 & =-44.3350Y - 40.402x40°%, -1 43X46 dp  (11.c.4-17)
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~‘;§‘_:'.-.‘ 1‘2 - (21 + 4.305 Jp) (II.C.4~18)
Utilizing state-space representation, all the {
aforementioned equations can be modeled in the following

ninth order system:

')-(" (o 1 o oo o0 o o -5%¢|[][o]
X,( [¥e3 045 © 00 o0 o o W%/ 0
2llo o o 10 o o o -0wf|%||0
Z| |0 o wm-050 0o o o 43|y |0
X |=| o O 50 014150 0 O O 4305[+|X [+] O ¢
Vi O O 0 00 43531 O O ||Yyl (35 ‘
“[lo o o 00 6m-s o ol ks 4
W 'Sfc 0231 0344 O O 0 -046t -0341 -O493 -20.3 | ;
[5?. |0 0 ©0 00 O o i384-maffP (O] ﬁ
(IT.C.4-~19) E
where the state variables are: 3

xl, xz: pitch angular rate state variables
(section 1I.C.4)

Yl' Yzz Achieved Body Acceleration state

[

variables (section II1.C.4)

X ¢ output of Acceleration filter
GP
c ¢ 1input command in actuator network
GP ¢ tail incidence angle
The state X, xl, Yl' GP of control law are shown in

<, c

A RA figute 2.6.

.‘;x_'_- .
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Executing the program of Appendix D, using an i
input step function which represents the “"1Gee Command“ and
trim angle of attack a, =8, the time response plots of
pitch normal acceleration n,, pitch angular rate q and
pitch tail incidence sp for circular airframe are obtained.

Figure 2.7 shows the pitch acceleration response
of the circular airframe due to a one Gee acceleration
command, when the Missile Aerodynamic Models are linearized
about zero angle of attack (a). The response has a 0.5
seconds time constant, steady state error #.685 and 2.5%
overshoot, which are according to the requirements referred
to in appendix C.

Figures 2.8 and 2.9 show the required body
angular rate and control surface deflection, to achieve the
acceleration response., These responses matched those
presented in [Ref 2].

5. Design Approach and Analysis For Elliptical

Airframe

The design technique used for the elliptical
airframe, is the same as that of the circular airframe.
The analysis of the Pitch channel for the elliptical
airframe was based again, on the time response plots.,

For the above purposes, a CSMP program was
written, as in the case of circular airframe, referred to

in Appendix D.
44
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o The equations of the uncoupled linear Pitch
channel for elliptical airframe, which are used in the
above CSMP program, are:
a. Equation of Control Law

The control law of the uncoupled linear Pitch
channel for the elliptical airframe is very similar to the
control law for the circular airframe, with only
differences in the gain of acceleration and rate
compensators. Elliptical control law is shown in figure
2.6., taken from [Ref. 2].

(1) Acceleration Filter Equation. The

Acceleration filter equation is the same as in section
. )\_V'.. .

Q’ﬁ I1.C.4

(2) Acceleration Compensator Equation

Y= (-0.008135-”)- (1.1053n;‘.x) (II.C.5-1)

Utilizing, inverse Laplace Transformation

and rearranging II.C.5-1 it becomes:

\ =-6Y- 530.54%16?112‘-\.0.149.)( (II.C.5-2)

(3) Compensator Equation

SP(. - ~3.0% (%'“)
V-xy T S

(II.C- 5-3)
Using inverse Laplace Transformation, it

yields:

5& = ~383.75%40°( y-%) -3.07 (¥-X¢) (II.C.5-4)

i

»5

1]

. »
5,
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b. Actuator Equation (Figure 2.5).

As in section II.C.4,b _
¢. Equation of Uncoupled Linear Pitch
Aerodynamic Model
The equation for pitch angular rate was
derived, as in section 1I.C.3, the only differences are in
the constants W=2475(1lbs),

Iyy=79¢(Sluq-ft2), Cln =0.015, Cm =-0.855, Cn =0.92 and
é ]
¢ P P
Cn 20,18, as referred in the Appendix A and Table 1I.

a
Manipulating according to the inverse Laplace

Transformation rules and rearranging, one abtains.

5_‘; = (3.66-5+0.638) /(-88.6u4x10°5>+ 1595 X405 +1) (II.C.5-5)

Using state-space representation of a system,
in which forcing function involves derivative terms ([Ref.

S: pp. 675-678.] It yields:

X{ = X2 -41.29-XP (I1.C.5-7)
X2 = $1.2815X, +4¥9.04X40 Xy~ 15.4944-dp (II.C.5-8)
qQ =X (II.C.5~8a)

Also, Manipulating with same way the equation:

Y | -212.491x46° 8+ 8.6 (II.C.5-9)
Op  -83.6ux{o>si445.95x40-S + 4

Yielding
i, S 2 +528.3x15?59 (I1.C.5-18)
i, = 1028153, + 79.94x40°2, ~88¥.35-8p  (I1.C.5-11)
", = - (2 +2.93¢-8) (II.C.5-12)
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iﬁﬁ? Utilizing state-space representation, all of
the above equation can be modeled in the following
eighth-order system:
X, © 1 o9 o 0 oo UMY x|lo 5
Xo| |48 018 o o 0 oo -Baa]{X| |0
2 © o o { o oo 0593 |#]||O
Z|s| o o 12048 o 00 BRI |32, |0 | ‘
X 0O 0 iso o =150 o0 o 45| X |0
Y 0O 0 0o o ous 60 O ||Y| |05
S | |307 o34 o o o043y ok o -S| Ok | |0 ;
59 0 0 o o o O 184y -1?8-01. dplio

’ (I1.C.5-13)

where the state variables are:
X1, X,: pitch angular rate state variables
(section I1.C.4)
¥, ¥,: Achieved Body Acceleration state

variables (section 11.C.4)

jl X ¢ output of Acceleration filter
.:2 s
)
X Pe : input command in actuator network
gg Sp ¢ tail incidence angle
%j The state X, xl, Yl, 59 of control law are shown in
4 .: ] C
Ej Figure 2.6
I’I'F.' # @y
’ L ..' ’,
:Sj Y _,:}'
3 50
)




Utilizing, the above state variables system, a
CSMP program was written (Appendix D) to achieve the time

response plots of n,, q and Gp. As input a step function

is used, which represents a one gee command. The trim

angle of attack (ae) is equal to zero.

’

"

i)
3

Figure 2.10 shows the pitch acceleration

“ % .‘.}l./ .

S

response of the elliptical airframe due to the command. The
response has a time constant of about 6.5, steady state
equal to zero, and overshoot o%, keeping the requirements
referred to in Appendix C.

Figures 2.1land 2.12 show the required body
angular rate and control surface deflection, to achieve the
acceleration response.

.6. Comparison of Airframe Response

Figures 2.7 and 2.10 show that the Pitch
acceleration response of the circular and elliptical
airframe are approximately the same having a #.5 second

time constant and negligible overshoots.

Figures 2.8,2.9,2.11 and 2.12 show that to achieve
the acceleration response the elliptical airframe requires

less body angular rate and control surface deflection. The

elliptical airframe requires less control surface

P‘:;T

Ei incidences, because the transfer functions have a higher DC
3; gain and poles which are located at a lower fregquency due
ﬁi o mainly to a more neutrally stable airframe.

e ST

o 51

e

-



LA AR AN TR AU A N e e A ALt e MR A AR R R R A O R A e |

0.
T

NZ(GEES)
0.%
]

0.4
Po——

0.3
\\

/
/

sl

?4

000 0.3 050 0.3 1.00 133 1.50 (.3 200 2.3 2.5 2.75 3.00
TISEC)

Fig. 2.18 Pitch Normal Acceleration (nz) vs Time (t)
Uncoupled Pitch Channel
Elliptical airframe (lGee Command, a

e=g)

52




‘
afe’s
3
LAY

]
s

el
e
-

ad

LB
.

.
«
. -..

0
»

-

’

»
€
l.‘.

Q(RAD/SEC)

.
00 -0,07 -0.08 -0.08 -0.04 -003 -0,02 -0

&

4
1% 5

¥ 8
B

-
A
e
B
2%a

l\ L“

S
A

<
.
«

008 0

2

A - ]
vy 0.0003 080 075 1.00 1.3 180 1.5 2.00 2.3 2.0 2.7% 3.0 3.3
v T(SEC)

"y Fig. 2.11 Pitch anc'lar rate (q) vs Time (t)

N Uncoupled iitch Channel
% Elliptical airframe (1Gee Command, a =9)




AN

S NI
DY (RRD)

-0.01500.0128 'O.rﬂ -0.0078 -0.0060 -0.0026 0.0000 0.002% 0.0080 0.0078 0.0100
—
-

A S A

AR

[

ivtas

e 0 e e
L
ot

\/’

.\
.
OO
.

a 'ln '.A ‘., '.’Lf-.‘. L,(f [ 1

0.3 0% 073 1.0 1.3 1.0 178 3.0 2.3 2.9 2.7 3.0 3.3
h T(SEC)

Fig. 2.12 Pitch tail incidence (§_) vs Time (t)
Uncoupled Pitch Channel
—~—c, Elliptical airframe (1lGee Command, a_=@)

Lo €
‘.: - \. ) o »

2 54

3

3

- . " ‘o PEAEY “% '.- -. ". '-I q. .. . -I. '!-. ". --' '.' .~ ‘l- S| . "
ce ..,.':-._. AN KRN TN “u O

PP

PP S

™, s: -; -\“n et ~_}- A ':'.-.'.\"~\.‘ ;'.-;‘.-;‘ ,:‘_



T N T N N Y e W W g W M N N VT T
A

‘.‘--.I' -
N
“:"‘.\

/ Cm - C

)] is directly

The DC gain [(qS/w).(CN .Cm N
a ) a [
P P
proportional to pitch control moment C_  and inversely
[
P

proportional to magnitude of stability margin in Pitch
(i.e., cm /CN or distance from center of pressure to

center ofagtavity). Thus the nearly neutrally stable
elliptical airframe is expected to have a higher gain than
the stable circular airframe even though its control moment
coefficient is slightly smaller. Higher DC gain will
require less control surface incidence. The zeros of nz/5p
are directly proportional to CN and the location of the

a
ratio C  / Cy or the distance from the point of

. 8 é

gt . p p

action of tail forces to the center of gravity.
Hence, for the elliptical airframe which has

larger CN the zeros of nz/d are located at a higher

P
a
frequency. Lower control surface incidences and higher
frequency nz/dp zeros of the elliptical airframe will
simplify the design of a rapidly responding Pitch

autopilot.

D. UNCOUPLED LINEAR YAW CHANNEL
The purpose of the Yaw channel autopilot of a CBTT
autopilot is to minimize sideslip angle or provide

coordinated motion between Roll and Yaw channels. This was

accomplished in two ways. First, the uncoupled Yaw channel

55

", a .-
- G o L A P P L
}_.}.'A‘.n ‘A W PPN ‘.n:'i}.n\.-',‘.n'?_! ", \'.‘1"



y% e N - _w . b P - A St 2t hatit"
- w® WL N E T e R LA A R T RS e s il (_-r‘.'f_lr..' CAENC AL At g Faghran. S B g 4 (R Bt R e Bt B v'--q
PR LR PPN e, PIE g

autopilot, (i.e, Roll and Pitch dynamic effect neglected)
was designed as a regulator (i.e no guidance command and
with rate and acceleration feedback) to help minimize
sideslip angle. Second, to aid in sideslip control, the
regulator was commanded from the Roll channel as explained
in chapter III.

1. Aerodynamic Model Control Law

A block diagram of the uncoupled Yaw channel is
shown in Figure 2,13, taken from [Ref. 2]. In this diagram
the aerodynamic model and the Yaw control law are involved.
Also, the Yaw control law without the accelerator is shown
in Figure 2.14. These figures were abstracted from
[Ref. 2].

The normal acceleration nyc is not used to
command the CBTT autopilot. 1Instead, it is used for the
design and analysis of the uncoupled channel. The command

used by the coupled system is shown in dashed lines and is

a yaw angular rate command, Toe

The yaw control law is governed by missile body

yaw angular rate (r) and yaw normal acceleration n The

y.
yaw control law determines the required command sy
c

to an actuator, which is approximated as a first order lag

at 30 Hz (188.4 rad/sec).

The aerodynamics, linearized about a trim a

A e
lgﬁ; L angle-of-attack equal to zero,.
<, WSt et
-'_;-:_'t -
e 56
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2. Transfer Functions of Aerodynamic Model

The aerodynamic characteristic of the Yaw channel
are modeled by a second-order system, by the following
equation, where the states are r, yaw angle and 8 ,

sideslip angle:

¥= (38dIIn) - (( € +573 (ny-Y) (vool Isec) (II.D.2-1)

3 513( -r+ T-'ﬂy) (A(g) (II.D.2-2)

and also, by the equation:

w = (3s/w)- ((ye.e+s1.3(y;,.8v) (gees) (II.D.2-3)
substituting equations II.D.2-3 into II.D.2-2, the

last equation becomes:

8 = 513 [~r+ ( 3s (Cy, 8 + 533 Cyg, - SY))] (II.D.2-4)
Taking the Laplace Transform of the equations, one

obtains

rs = j__ (Cﬂs 8 +5¥3Cy|é- JY) (II.D.2-5)

gs= 513 (- v+3’2(35 (Gig-6+ 523 Gvgy.dv)))
(I1.D.2-6)

Rearranging above equations, in terms of g and a,

they become:

c"'lr's" (II.D.2-7)

qS d .(“8.e= 5%3KG S

¥ -
I3 T

3 _ 513K3 S
513¢ + (s- "\:‘ Gy )-8 = AE— G by
(II.D.Z-B)
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Applying the Cramer's rule in the system of the

equations II.D.2-7 and I1I1.D.2-8 the transfer functions r/6y

and B/GY are ozfgined. (-5)2
su3k(38)%d . Vo, SH3k(9 - Cngy - Crg+n,.
v o (P Gng )54 W Tnt (- oy G+ oy M)
5y 2 K3S 513 §S5d
A (g )5 (2 )
(w '8) +( T2z ne (II.D.2-9)
and 51:“""35 G ) 32§3.29-9 5d - (ndy
8 ( W Sy )0~ Ivy
b ac .39 Sd C
2, (ngsch )-s— S?sgifd )
Yy (I1.D.2-18)
(57.3) « (32.3)
K = - = ‘ﬂ.48
v
T = 1658 (lbs/ft?)
S = 3.14159 (ft>
d = 2 (ft)

Izz = 810 (slug-ft?)
w = 2525 (1lbs)

C. = -8.825

= -9.050

Y = -9.065

Yo = 0.021
a = ¢°

As referred to in Appendix A and Table 1I.
Substituting the aforementioned values into equation

(II.D.2-9), it becomes:
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U
a7
N RN
o Yy - _2.0055+0.16 (tfsec) (11.D
C & T oy SuxIT s 2.8X107S 1 ¢) (11.D.2-11)
. Introducing equation II.D.2-10 into II.D.2-3 and
Y
.\gg rearranging the last one, the transfer function of yaw
“\'.
L normal acceleration in terms of the yaw control incidence,
A is obtained:
s13k(@5)? 328329(38)'d
e GGy )5~ : Cngy - Gre =
i " " Ty W _ S8 oo
¥ fu(xas o\ . F3984Gna W
W Iyy

After substituting the values into the equation

(II.D.2-12), one obtains:

3
vy _ ~13.434 S°4 17.%¢ (ses e

§y  ~S4.Suxt0.5-28X46°s +1

The above transfer functions are used for finding
the time responses of the yaw angular rate r and the yaw

normal acceleration.

Using inverse Laplace transformation, the equation
II.D.2-11 and II.D.2-13 become:

v +51338X10° ¥ - 123335-¥ = -36.3¢1. 8y - 2.5 Sv (II.D.2-14)

Wy +51338X46% %, - 183335 my = 23838y -325.620.8y  (II1.D.2-15)

}if The equations II.D.2-14 and II.D.2-15 involve
:;3 derivative terms in the forcing function. Using rules of
iyt

o state-space representation of a system [Ref. 5: pp
VSV

SV 675-678], they turn:
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Xi = Xa-36.361-8Y 5 , . (1L-p-2716)
Xy = 18.335:X; -51.338X10-X; ~963.044 X40+8y  (11.D.2-17)
Y.' = Xy 3 (II.D.2-18)
% = 22— 122,544 x40y (I1.D.2-19)

23 = 48.335-%4 -51.358x463%2- 231.851-31 (II1.D.2-20)
fy= 24+ 23879y (II.D.2-21)

3. Egquations of Yaw Control Law

As mentioned before, the yaw control law is
governed by missile body yaw angular rate (r) and yaw
normal acceleration Ny and it is used to determine the
required command 6Yc to the actuator. The yaw control law
at the flight condition of interest (i.e, Mach 3.95, 6@kft)
is shown in Figure 2.14, taken from [Ref. 2]. The rate
compensation determines the high frequéncy attenuation and
is used to minimize aerodynamic variations on the quality
of regulation. The acceleration compensation determines

the acceleration bandwidth via the time constant of the

acceleration response due to a step command of acceleration

at ny .
c
a. Acceleration Compensator Equation:
0.3194¢ " (II.D.3-1)
: - +MN
0:25+4 ( v+ M)

Inverse transforming and rearranging the
11.D.3-1, it turns into:

Y = -5Y +1.5933 ("ly-'"YJ (II.D.3-2)
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LY b. Rate Compensator Equation:
s
4.88 (=5 +1 _
Si o= 8 (%41 (yer) (I1.D.3-3)
S

Utilizing inverse Laplace Transformation
and introducing equation II.D.2-16, the equation II.D.3-3

turns into:

Sy, = 0.485 (Y+%X¢) +1. 85 (y+X4) (II.D.3-3a)
C. Actuator Equation:
Jy = 1 Sve (II.D.3-4)
__ji__. + 1
133.4

Inverse transforming and rearranging the

equation II.D.3-4, it turns into:

t’?’ 8y = - 188.4.8y + 188.4 Sv, (I1.D.3-5)
Using state-space representation, all the

aerodynamic model and control laws can be modeled in the

following seventh order system:

X (o] 1 o o © O -3%u |x (o)

X,| [1e335054 0o o0 o o -043| |Xa o)

Z{|l o0 o o 1 o o -any |u 0

L1l 0 o w8333 -0l o o -‘MWu|*{|Y| 0 | W
Y O O 459% O -5 o0 333 |Y -1.5%

& | |45 ougs omws o0 2425 O -ren| v | |oms

|l o o o0 o0 o 1y -8y

(II.D.3-6)

where the state variables are:
xl, xzz pitch angular rate state variables

> (section I1I.D.2)
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Yl' Y2: yaw acceleration state variables
(section II.D.2)
Y : output of acceleration compensator
6P . .
c : input command in the actuator
sP : vyaw tail incidence
The state xl, Y, GYcof control law are shown in

Figure 2.14.

4. Design Approach and Analysis of Circular Airframe

The design technique used for the Yaw channel is
the same as the technique used in the Pitch channel. The
analysis of it, for circular airframe is based, on the time
responses of the yaw angular rate r, the yaw normal

Yy
For purposes of analysis, a CSMP program was

acceleration Ny and yaw tail incidence ¢ .

written (Appendix E) using the state-variable system which
is represented by the block diagram of the yaw aerodynamic
model and control law.

Executing the referred program, using as input a
step function, which represents the "one Gee Command" and
trim angle of attack ae-ﬂ, the time response plots are
obtained.

Figure 2.15 shows the yaw acceleration response of
the circular airframe. The response has a @.39 seconds

time constant, 7% overshoot and steady state error 9.018
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which are according to the requirements referred in
Appendix C.

Figures 2.16 and 2.17 show the required body yaw
angular rate and control surface deflection, to achieve the
acceleration response. Again these results matched those
of [Ref, 2].

5. Aerodynamic Transfer Function for Elliptical

Airframe

The transfer functions for yaw angular rate and
yaw normal acceleration for the elliptical airframe, were
derived in the same way as in section II.D.2. The

only differences are in the following constants

w = 2475 (1bs)
Izz = 853 (slug-ft?
c, = 9.024

8

Y
cYB = -9.043
Cy = 0.016

Y

As referred to in Appendix A and table I.

a. Transfer function of yaw angular rate r.

r _ _-L3485.5-0.0598
&y 59,838 X40 > 5% 2.593X10°S + {

(&) (11.D.5-1)
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S b. Transfer function of yaw normal acceleration ny

-3
My _ {14.633X40- 5'2 14 $9) (11.0.5-2)
&y 50.838X10 > S%4-2.593X4035+1 rad

Using inverse Laplace transformation, the equation
II.D.5-1 and 1I.D.5-2 becomes:
i’+n3.333x46?h4um.r = -29,213.5):- Q9a, 36X45%JY (II.D.5-3)
Ty +43.333X40°%y + 16 FHLIF-Ny = 1.9457-8Y- 126538y (11.D.5-4)
Utilizing state representation of a system in
which the forcing functions involve derivative terms, as in

section II.D.2, the above equations yield:

;(1 = Xg - 29.221 - dy (II.D.5-5)
w 5(2: - 16.314F X4 'U3.333X15%X2 4266.374 )H(.)a-gy (II.D.5-6)
Y= Xy (I1.D.5-7)
21 = ;- 93.013X40:dy (II.D.5-8)
3 = ~16.H{F. 34 ~U3.333X40° 22 -150.6633 - Oy (II.D.5-9)
M= 24+ 49513y (I1.D.5-10)

The aerodynamic model for elliptical airframe is

shown in Figure 2.13.

e
gij 6. Yaw Control Equation for Elliptical Airframe
N
E& The control law of uncoupled linear Yaw channel for
e
- elliptical airframe, is similar to the control law for
cicvcular airframe. There are differences in the gains of
. the acceleration and rate compensators, as is shown in
07 .. Figure 2.14.
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a. Acceleration Compensator Equation

V= (0.8393/0.25-5+1) * (~my, + M) (I1.D.6-1)

Utilizing inverse laplace transformation and

rearranging the equation II.D.6-1, it turns into:

¥ = -4 ¥ +33534 - (~my, +7y) (11.D.6-2)

b. Rate Compensator Equation

oY, = 608 (F5+1) (v-v)
s (1I.D.6-3)
Inverse Laplace transforming and introducing
the equation (II.D.5-7) into the equation (II.D.6-3), it
turns into:
ch = 0.608 (\'H-)'(g) +6.08 (Y+X1) (I1.D.6-4)
c. Actuator Equation
Same as the equation II.D.3-5.
Using state-space representation all equations of the
aerodynamic model and control law, can be modeled in the

follow seventh-order system:

5(. o | o o o o 202 |¥X, o

x.z ~612-033 0 o o O 0.2 X2 o

L, |lo o o {1 o o -o83] |% o
sl o o -km-om o O -s06|.id2 || O ny
Y o o0 3% O i 0 6553 Y -336
5t | [60s v.eos 204 o0 -24m o 3W| S | |04
E& o o ©O 0 O 1854 -ige4 |

(IT.D.6~5)
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D" where the state variables are:
{
. xl, x2: yaw angular rate state variables -
(section I1.D.5) :
21' 22: yaw normal Acceleration state
" variables (section II.D.5)
f Y ¢ output of acceleration compensator network
<
\ Sy : input command in the actuator
c
. Sy : yaw tail incidence :
The state xl, Y, GY of control law are shown in Figure
. c
. 2.14.
r'S '
N 7. Design Approach and Analysis for Elliptical
.
o
\ u Airframe
S ~ e —

;"

The design technique and analysis for elliptical

a
W

o

airframe is the same as that, in section II.D.4. Again,

N
§ for purposes of analysis, a CSMP program was written

n (Appendix E) using equations of aerodynamic model and

!? control law.

} Figure 2.18 shows the yaw acceleration response of

the elliptical airframe. The response has #.35 second time

constant, overshoot about 6% and steady state error 9.0l

s

which are according to the requirerments, (Appendix C).
Figures 2.19 and 2.20 show the required body yaw
angular rate and control surface deflection, to achieve the

acceleration response. ]
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NN E. LINEAR UNCOUPLED ROLL CHANNEL

s
.

Generally, the purpose of a roll channel autopilot is
to command the ¢ signal, in order to roll the missile
through an angle ¢, measured from the vertical axis.

The roll channel of a coordinated bank-to-turn
autopilot is commanded to roll the missile so as to put the
preferred maneuver direction of the missile in the
direction of the guidance acceleration command, while the
pitch channel acceleration is commanded to produce the
total magnitude of the guidance acceleration command.

The desired maneuver plane acceleration should be
attained as rapidly as the achieved body-fixed pitch

iEE’ acceleration. To accomplish this, the uncoupled roll

channel autopilot was designed to have the roll angle time

‘.

] -‘\."
e
-
e -
~

-‘.\’

“

constant equal to the time constant of the normal

- R 'v.":

acceleration achieved by the uncoupled pitch channel

)
VS

autopilot. This is not necessarily the optimal

]
MRS
L4

relationship betweem the two time constants.

AL 4
e

f
b

- YNy

1. Roll Aerodynamic Model and Control Law

4

.4

A block diagram of the uncoupled Roll channel is

ry
L}
L4

Poy o P

shown in Figure 2.21,taken from [Ref. 2]. 1In this diagram

P e
w A
RN
r ]

the aerodynamic model is involved. Also, the roll control

1

SCRITEel
et
JPRNA

law is shown in Figure 2.22. These figures were taken from

[Ref. 2].

The roll control law is commanded by roll angle ¢

is governed by roll angular rate p and roll angle ¢ and
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determines the required command GR to an actuator which is
c
approximated as a first order lag at 30Hz (188.4 rad/sec).

The aerodynamics, linearized about a trim angle-of-attack
(ae) equal to zero,

2. Equations of Aerodynamic Model for Circular

Airframe

The aerodynamic model is represented by the

following equations:

P= (§3d/Ixx)- Cegp - I (vadfse?) (11.8.2-1)
) P (vadsec) | (I1.E.2-2)

where:

1658 (lbs/ft2)

o}
]

s = 3.14159 (ft?)

d = 2 (ft)

40 (slug-ft?

[
®
»

]

)
= §.031

(@]
i

R

As referred to in Appendix A and Table I.
Substituting the above values in equation II.E.2-1, it

yields:

P = 8.0346-dp (II.E.2-3)

3. Equations of Aerodynamic Model for Elliptical

Airframe
The aerodynamic model equations are similar to

those for the circular airframe, with the only differences
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in the constant Ixx=110(slug-ft2) and Cz = §.023.

Sr

Hence they are:
9.16%% - 0 (vad [se?) (II.E.3-1)

= P (radlseQ (II.E.3-2)

4, Equations of Control Law for Circular and

'G" e

Elliptical Airframe

The yaw control law for circular and elliptical

airframe is shown in Figure 2.22.
a. Roll Angle Compensator Equation

X= :'2 . (¢¢—4>)

+4 (IT.E.4-1)

?
inverse Laplace transforming the equation II.E.4-1

it becomes:

X =-8X+131.6 (o-0) (I1.E.4-2)
b. Rate Compensator Equation
(£
V= 045065 (15 H) (X- P) (II.E.4-3)

(=+1)
Utilizing inverse Laplace transformation, and
minor manipulating the equation II.E.4-3, one obtains:
ﬁ = —5.Y+ 50.333%4 63- (%-P)+0.3585 (Xx-P) (11.E.4-4)

C. Psuedo Differentiator Equation
Xy= 0-04303 .- P (II.E.4-5)
$

Using inverse Laplace transformation and

rearranging the equation II.E.4-5, it becomes:

).(13 -6Xy +0-0¥‘82°{> (II.E.4-6)
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iﬂ?ﬂ d. Equation of Actuator Compensator
This network of roll control law is different
for circular and elliptical airframe.
(1) Circular Airframe
g&_ (__”) (Y-X,) / (__ +1) (II.E.4~7)
U31ng, inverse Laplace transformation and
rearranging the equation II.E.4-7, it yields:
de = =198, + 0.4363 (Y-K) +15(Y-X)  (1I.E.4-8)
(2) Elliptical Airframe
(S 1) (II.E.4-9)
o=t Gr Uy
5% + i
Inverse Laplace transforming and
ERRAS rearranging the above equation, it becomes:

§R. = ~158R, +0.56993 (Y-X )+62.58 (¥-x1)

(II.E.4-10)
e. Actuator Equation
OR = SS%B SR (deg)  (1I.E.4-11)
T T

.
.
‘.
[
-

Utilizing inverse'Laplace transformation, the

o equation II.E.4-11 becomes:

-:«. 8’; - -188»‘!-82 + 10%95.32 S&(‘hﬂ‘*a (II.E.4-12)

AL ST I T
[}

-
1

‘) ‘4
‘..

Utilizing state-space representation, all the

l'l
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aforementioned equation of the aerodynamic models and
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control laws for the circular and elliptical airframes, can
be modelled in the state variables systems given below:

(1) For the circular airframe

f> ° 0 o o O O sgows| |p o
43 i 0O 0 O O o0 o ) 0
).( o 3¢ -8 o o o] o X | |36
N |=lomscosse o -5 o 0353 -gaew|r|Y |+ -0.854 9,
X 0o o0 o o -6 0 ¢5|(X||o
3& L0.403 0421 0483 W39 -iU4R -5 -0.038 | |dg. | [-0.2
R O ©o O o o 4msn-gwy| 0] | O

(II.E.4-13)
(2) For the elliptical airframe

pl ] o © o © o o uk||P||o

& | |4 o o 0 o o of|e|]o
X
Y

0O {16 -3 0O O o (o] X -13.6
-015% 08% O -5 0353 O -oMow|*|Y [+]-0.856]Pc

)'(‘ O © O 0 - 0 6283||%X4 0
&‘- -4.243 -0.504 0.203 -3.441 59748 -15 -0.58%% Sec| oS04
o o 0 O o0 o {omes3-1sU|lid| | o

(II.E.4-14)
; where the state variables are:

P : roll angular rate

Q@

L ¢ : roll angle

- X : output of roll angle compensator

L Y : output of rate compensator network

1@ -,

<o R
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.........

xl : output of pseudo differentiator

g ¢ input command in the actuator
c

6R : roll tail incidence

The state ¢,X,P,¥,X 3 are shown in Figure

’
1 Yc

2.22.

5. Design Approach and Analysis of Uncoupled Linear

Roll Channel for Circular and Elliptical Airframe

The design technique and analysis is the same as
that which was used for the Pitch and Yaw channel,

For purposes of analysis, two CSMP program were
written (Appendix F) using the state variable system
represented by the aerodynamic model and control 1law,

Block diagram.

‘ Figures 2.23 shows the roll angle response of both
elliptical and circular airframe. The time constant of the
roll angle response is @.55 seconds, the overshoot 3% and
the steady state roll angle error equal to zero.

Figure 2.24 shows the required body roll angular
rate for both elliptical and circular airframes. Only the
roll tail angular deflection figures 2.25 and 2.26 is
different for the airframes, due to the method of
compensating for a reduction in the elliptical aerodynamic
toll gain. This is desirable for the aerodynamic roll gain

<S7.3qsdcl /I1,.4) to be as large as possible to minimize

’r
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Fig. 2.24 Roll Angular Rate (p) vs Time (t)
Uncoupled Roll Channel
Circular or Elliptical airframe
(1 RAD Command. ae=0)
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Uncoupled Roll Channel
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e

86

2

" ¥ ¥
\\

’l
N

LNEN




A R R R T N N T e P P T W WV rTrrrers Y B T B AP s e lben e dow o o
A C e " PO ach SRR AN A VA L AN YT

L3
JA'.'..)-!

At

)
o
X 'ify control surface motion. It is also desirable to have as

large C, as possible to minimize the effects of
aerodynam%c control cross coupling. The circular airframe
has a considerably larger aerodynamic roll gain due to a
much smaller roll inertia and a larger control derivative
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e III. LINEAR DESIGN AND ANALYSIS OF COUPLED AUTOPILOTS FOR

CIRCULAR AND ELLIPTICAL AIRFRAMES

A. GENERAL

The linear design and analysis technique began with
uncoupled autopilot channels. The uncoupled autopilot
design technique was classical, using a combination of
frequency response and root locus techniques [Ref. 2], to
achieve practical bandwidths (i.e, sufficient high
frequency attenuation) and in turn provides the range of
required missile body angular rates and control motions, as
mentioned in section II.

- In this section, CBTT control laws are analyzed to add
control coupling for coordinated missile motion. A measure
of sideslip control is obtained by applying a roll angle
command to the linearized CBTT autopilot. The relative
stability of the autopilot branches and means for improving
stability are discussed. An examination of the autopilot

sensitivity to aerodynamic cross-coupling is made.

B. AERODYNAMIC MODELS FOR THE CIRCULAR AIRFRAME

b ARy 3 Y
s ‘e . 8
0 Pttt
o
L A A
PN P
s S

The aerodynamic models of pitch and roll-yaw channels

E;g for the circular airframe are shown in Figures 3.1 and 3.2,
i&j taken from [Ref. 2]. The models are linearized and were
Eﬁﬁ - developed for stability studies in the frequency domain.
e ~ 88

MM A N A M S AR AL A S A Sy L Gy a0 gy By A A A e it gt i St R N S A IOt R i S A e P it S At g vy




~

The assumptions for linearization are the same, as those in

section II.C.1.

Pitch and Lateral channels are coupled via constant
missile role rate Pe. Also, the linear model has inertial,
kinematic and aerodynamic cross couplings, which will be
discussed further, in the non-linear model.

l. Pitch Channel

The linear aerodynamic model of the pitch
channel consisted of the uncoupled model mentioned in
chapter II, which is coupled with the Roll-Yaw channels via
constant roll rate (Pe), as shown in Figure 3.1.

In this work, the Pe was set to zero, because
when Pe=@, the Qe (i.e equilibrium pitch rate) has been
found to have negligible influence in the lateral model
(i.e roll-yaw).

The equations, which represent the pitch
aerodynamic model given in [Ref., 2] are the same as the
equations of the uncoupled linear model, mentioned in
chapter II.

2. Lateral Channels

The linear lateral aerodynamic model consisted
of the uncoupled roll and yaw aerodynamic channel, coupled

via the linearized aerodynamic derivatives c, »C and
8 GY
Cn . Also, it is coupled with the pitch dynamic model via

Sr
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the Pe, as previously mentioned. The lateral dynamic model ;

is shown in Figure 3.2, as given in [Ref. 2].

To find the equations which represent the
lateral dynamic model, Pe and Qe are set to zero because of
their negligible influence in the lateral channel.

The aforementioned equations are as follows:

Ny= g-8-8y [w (gees) (II.B.2-1)
Ey= 8. Gyg + Cygy- Sy (deg) (III.B.2-2)
where:
v =5%348.d-E2/ Taa (deglsed®) (II1.B.2-3)
Ey= €-(ng + (nlp - O+ (nfy - Oy (deg) (III.B.2-4)
P= 5133 Sd £y [Ixx (deglsec®) (III.B.2-5)
q_-;w d = PIsT.3  (vadised) (III.B.2-6)
Ey= Cegy - O + Cegp- dr (deg) (II1.B.2-7)
Eyz Ea+ Cgg.8 (dey) (III.B.2-8)
é: RAISE3- Y+K- (3o EIw) (deglsed) (111.8.2-9)
where:
kK = 0.48
s = w(£t)?
4 = 2.0(ft)
q = 1658 (1bf/ft?)
w = 2525 (lbf)
Ixx = 40.0 (slug-ftz)
Izz = 810.9 (slug—ftz)
S CYGY = 98.22
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A =

As referred

-0.082

0.018

-9.019

—gu 16

-9.009

8.835
18°

to in Appendix A and Table I.

Substituting the values into the above equations,

they yield:

= -13.93y .8+ 13.934 - Sp - 38.97.8Y (deghed) (111.8.2-10)

- 133.6¢ -6+ 519.798- -237.613-0y(deglse?) (111.8.2-11)

?
5
g =0.01345 P--0.0808 8+0.24%-3Y (deglsec) (111-B-2-12)
@

- PIS?oS ("C““SQ(.) (IIT.B.2-13)

C. CBTT AUTOPILOT CONTROL LAWS FOR CIRCULAR AIRFRAME

The control laws, which were used by the CBTT

autopilots

of the circular and elliptical airframe, are

shown in Figures 2.6 and 3.3, as given in [Ref. 2].

The pitch control law for the circular airframe is the

same as determined in the uncoupled pitch channel study
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section II.B.2, and therefore, the equations which
represent it, are the same as in section II.B.3., except
the equation for pitch tail incidence angle which is:
dp = -188.4-8p +10%95.3 -Ip, (deglsec) (III.C.1)

The uncoupled roll and yaw laws are coupled via a
cross-coupling branch, shown in solid line in Figure 3.3,
in order to consist the linear coupled lateral control law.

In the roll actuator of the lateral control law, the
frequency has been changed from 110 rad’/sec to 623 rad/sec,
for improving of autopilot stability.

The autopilot cross-coupling branch between Roll and
Yaw channels has been added to provide coordinated motion.

Coordinated motion or zero sideslip angle is achieved by

directing the body fixed pitch axis of the missile Jf the
missile velocity vector, so that there is no component of
missile velocity along the body fixed yaw axis of the

b missile. Figure 3.4, as given in [Ref. 2] shows the

o . N .

- attitude of the missile body with respect to its velocity

S

i vector V.

GRS When commanding an upward maneuver (i.e, ¢ =8), the

[ missile body moves upward with its pitch axis directed at

p.ﬁ the velocity vector until it reaches the desired maneuver

R

ATRS .

Efk level or angle-of-attack. No roll motion is required to

LA

LI . . . s

oS maintain coordination for this maneuver.
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For maneuvers in the ¢=45 or 98 degree directions, the
missile body rolls the desired ¢ and moves its pitch axis
directed at the velocity vector, until it achieves the
desired maneuver level. For maneuvers with ¢ higher than
90°, the missile must roll about the velocity vector, while
the Yaw channel directs the pitch axis towards the velocity
vector for minimum sideslip angle.

The missile is forced to roll about its velocity
vector, when the desired maneuver direction is in the
negative angle-of-attack direction, because it is desired
to avoid negative angles-of-attack. These maneuvers are
illustrated in Figure 3.4.

The coordinating command r,, is a yaw angular rate from
a rate gyro. The command is equal to - Pag, where a =a
(Figure 3.3) in the coordinating branch is the equivalent
angle-of-attack, which is exactly equal to angle of attack
(a), in the linear studies. The equations which represent
the lateral channel are as follows:

l. Roll Channel

a. Roll Command Compensator Equation

Same equation as in section II.E

L X= 9x +4%.6 (bc-d) (I11.C.1~1)
F? b. Roll Rate Compensator Equation

-~ $

a° 0.{5" — ‘)

~ 15

& ;= (x- Pls33)

\ - S +1 (III.C.1-2)
::: NN 97
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E: iﬁiﬁ Inverse Laplace transforming and rearranging

(:: the equation (III.C.1-2), it becomes:

& Y, = -5Y%+0.0503 (%-Pf57.3) + 0.¥55 (X - p/s7.3)  (II1.C.1-3)

+ c. Psuedo Differentiator Equation

:j xl: CS).CHS- 5‘1 ( P/57-5) (I11.C.1-4) |
2 : + f
o 6 |
';i Utilizing inverse Laplace transformation and

ﬁf. minor manipulating the above equation, one has:

).<‘ T -6X, + 0078 (P/5%3) (III.C.1-5)

2 d. Actuator's Compensator Equation

if The frequency of the compensator was changed

,Eé from 110 rad/sec to 68 rad/sec for purposes of stability,

.;: RO as referred in section III.C. The equation represents the

-
.

)

s

3 »

" network is:

Lo

L~ S

~ < * |

o ch: (Y-X,) (II1.C.1-6)

A S +1

}% Using inverse Laplace transformation, the

2

3 equation III.C.1-6, one obtains:

2 Sp, = -15 dge +0.25 (Y-X,) +45 (¥-¥;) (1II.C.1-7)

i: e. Actuator Equation

o

N . 5%1.3 -
JR A JRC (deg) (II1.C.1-8)

.:.. —.+ .

‘.:‘, 1880“

;5 Utilizing inverse Laplace transformation and

-% o rearranging the equation III.C.1-8, it yields.

R
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P

~

-

Ly .

k< ..‘.;J'
SSRION dp =-1884 dp + 10395.32 Sre (111.C.1-9)
A All the referred to above state variables, are
by

té shown in figure 3.3.

1-'_;

P 2. Yaw Channel

N a. Acceleration Compensator Equation

- 0.32 " (I1I.C.2-1)
- 025+ 4

' Inverse Laplace transforming, equation

i)

:":.1 III.C.2-1 becomes:

a, L]

-*% Y=-5Y+1L6 my (I1I.C.2-2)
,{ b. Actuator Compensator Equation

o dy.= (ss(&4)[s)- (v-o4s8a-Plst3+v) (111.c.2-3)
- *-w\T Utilizing inverse Laplace transformation and
:;.f rearranging the equation I11I.C.2-3, it yields:

5 dY, = 0.4gs( Y+ lst3-ouss.a- B/st3)+ 4.85(Y+ rlsr.3-0.458.G-Pl5y3)

~ (III.C.2-4)
o c. Actuator Equation

\: .

- 51= -188.l|-51 +40%9s.3 - &, (I11.C.2-5)
N Making use the state-variable representation,
.“_ the above equations, of the aerodynamic models and control
‘.'

j laws, can be modelled in the following, state variable

eguation system:

=

N

Ny

) o

N

~o
.D
51
>
*

¥

99




7 [%¢] o © o #3wo o o o ma O O =93] [ v o
P o O O -33% 0 0 0 0 s8y 0O o W& |P o
¢| loomw 0o o o o o o © o o o ¢ o
(4 -1 OWMS O -Cosy 0 O O O o O O 0268 é o
X o o -6 o -8 0 o0 o0 0 o0 O O X W6
V, |.] o oomy-ose aypvasss S o O -04sF O O oww, Yoo | fossc)
% "l o o o -042 0 0 -6 O oyww O O -0.523 X4 ]
S O 00033 -AZS 008 0.0812 1335 -L3¢ -15 0231 O O 0.433 Sec | lo.22ts
A e o o 0 O O o wms-ust © o O & 0
Y 6 o O 0630 © o o o 5 o © N 0
Sic| loonusoon o 048 o o o O O -Gup NS e dvc 0
| &Y | lo O 0o © o © 9 0 0 o {fowss N &) [ o]

where the state variables are:
r : yaw angular rate

P : roll angular cate

toll angle

sideslip angle

.
B
A
S o
.
™
L1

output of roll command compensator

X :

Y, : output of roll rate compensator

X, : output of pseudo differentiator

§g ¢ input command in roll actuator
c

O
[

roll tail incidence

output of yaw acceleration compensator

R
<

b o]
L 1]

;_.

Fé by input command in yaw actuator
b.'; [+

‘E 8§y : yaw tail incidence angle

3

Eé All the referred before state variables are
h{ shown in Figures 3.2 and 3.3.
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D. ANALYSIS OF LINEAR CBTT AUTOPILOTS FOR CIRCULAR

AIRFRAME

In the analysis of the linear CBTT autopilots it is
assumed that the missile is initially in the desired
maneuver plane, is trimmed at ten degrees angles—of-attack,
the equilibrium roll rate Pe and equilibrium pitch rate Qe
were set equal to zero.

For purposes of analysis, a CSMP program was written
(Appendix G) using the equations of the aerodynamic models
and control laws of the linear CBTT autopilots for the
circular airframe.

Pigure 3.5 shows the sideslip angle for the linearized
CBTT autopilot, having a maximum value of 2.32°, Since the
model is linear, and therefore the magnitude of the
sideslip is directly proportional to the magnitude of the
input command, a one radian roll angle command was used for
convenience.

The coupled autopilots have a roll angle response which
is the same, as the uncoupled roll channel response,
differing slightly in the overshoot, as shown in Figure
3.6.

The aforementioned values and plots are exactly the
same as the plots given in the [Ref. 2] therefore its

results are verified.
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AIERRLE Comparing the state variable form system with these ;
?J previous discussed in the section II.D and II.E, this is g
i; the twelfth order system because it includes roll and yaw p
'3 autopilots and the matrices A,B are different than the A,B

matrices at the uncoupled roll and yaw autopilot, because
A of the existance of the coordination branch.
. E. AERODYNAMIC MODELS FOR ELLIPTICAL AIRFRAME
ﬁ The dynamic models for elliptical airframe are the same
< as those of circular airframe and are shown in Figures 3.1
L; and 3.2.
'i The differences of the circular and elliptical models
s iiﬁi are in the following constanté and linearized aerodynamics
; derivatives:
w = 2475 (1bf)
y Ixx = 118 (slug-ft?)
; 1zz = 799 (slug-ftz)
- CYGY = @.015
- “Y - _g.054
~ c"sR = 9.914

0.024

O
"
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Cy

GY = -9,010
Cy

8 = ~-0,027
Cz‘ = 9.023

R .

as referred to in Appendix A and Table I. The equation

which represent the aerodynamic model, are as follows:

¥ = 18.0463-8+10.5233.dp - 20.3262.dy (ITII.E.1)
B = -445.910%- 6+ 124.2094-3p - SU.04- &Y (III.E.2)
¢ = P|s33 (III.E.3)
4 = 043482 P-Y+0.05428¥-€—0-0150?o51 (III.E.4)

F. CBTT AUTOPILOTS CONTROL LAWS FOR ELLIPTICAL AIRFRAME
The control laws, which were used by the CBTT
autopilots of the elliptical airframe are the same as those

of the circular airframe and are shown in Figure 2.6 and

3.3.

The differences which exist in the control laws of the
two airframes are the gain Kyp of the coordinated branch,
and the gains of the actuators.

Hence, the equations that represent the control laws

are:

1, Pitch Channel

The linear pitch control law equations for

the elliptical airframe, are the equations of the Pitch

uncoupled channel, as given in section II.C.S.
105
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2. Roil Channel

Same equations as in par. III.C.

a.X =-8X+1%.6 (dc-9) (II.C.1-1)
b. Y, =-5Y,+0.0503 (X-PIst3)+0.¥55 (x-P/5%.3) (1I.C.1-3)
c. X,= ~6X, + 0.078 ( B/s57.3) (II.C.3-5)

d. Actuator Compensator

89. _ HA¥ (._.4.4) (Y,-Xq\ (IITI.F.2~1)
15*’l

Utilizing inverse Laplace transformation and

rearranging }he equation III.F.2-1, it becomes:
&, = -15dg + 10425 (Yl‘x.') +62.53 (Yi-Xy)  (111.F.2-2)

dr = -183.4 & + 10.7953 x16' 8¢p, (II1.C.3-8)

3. Yaw Channel

a. Acceleration Compensator Equation

Y: g “Y

+1

S
Jx
Inverse Laplace transforming and rearranging
the equation III.P.3-1, it yields:
Y= -4Y +3.356 My (III.F.3-2)
b. Actuator Compensator Equation
& = °"°"s* 508 (y+ v/s7.3-aP/5%3)

Utiliing inverse Laplace transformation and

rearranging the above equation, one obtains'

S¥, = 0.608 (Y*E;‘s"?z‘; veos (Ve -3 ) arnrs-a

lor
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Rt ¢c. Actuator Eguation

Same as in par. III.F.2.e

Utilizing the state-variable representation,
the equation which represent the aerodynamic model and thne
control laws, can be modelled in the following

twelfth-order system:

v1To o o 105 0 0 o0 © 653 0 0 -29% ] fo
P 6 0 O 43 o O O O fuu O o -Swow |P| fo
® 0 0ot 6 O O o0 0 O 0 o 0 O ¢l jo
¢l | -1 ons 0 goss 6 o 0 0 o0 0 o -ostf |6 |O
X o o0 4% 0o -2 0 0 0 0O o O o X 6
$1-] 0 -032-09% o043 €35 5 O 0 -0409 o O 0.04F|e (V{4 ome |-
7l o o o0 -u3x o o0 -6 o 963 o 0 - |X 0
sl | 0 -nomi-os2¢ 1138 ax¥ suw -s63 <15 102 o o e | |&] |oax
Sr o 0 0 O O O O wus3-1884 0o o O or 0
y o O o <03 0 0o 0 O O -4 o 0.0(5 Y 0
w:». & | |oje-o0oms O o1s¢ o o O O o08sf 34 O -05! 8. 0
%] Lo o o 0 0 0 0 0 O © s0195.3-1834] (oY1 | o |

v“are the state variables are:

r : yaw angular rate
P : roll angular rate
¢ roll angle
8 side slip angle
X output of roll command compensator
Y, : output of roll rate compensator
X1 : output or psuedo-differentiator network
5Rc: input command in roll actuator
,fE? GR : roll tail incidence angle
o
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. NN
afs Ot Y output of acceleration compensator in yaw
{ control law
E' GY : input command in yaw actuator
a ¢

A Gy : yaw tail incidence angle
;5;1 All the state variables are shown in Figure 3.2 and
:'.'_'_'- 3.3. The above system is different in the matrix A and B
i from the system discussed in chapter II for uncoupled Roll
,, and Yaw autopilots, because of the coordination branch

Y equation.

L.
:if: G. ANALYSIS OF LINEAR CBTT AUTOPILOTS FOR ELLIPTICAL
L AIRFRAME
i t‘» . In the analysis of the linear CBTT for elliptical
EET airframe, the same assumptions, which were made for the
O
Tag circular airframe, are valid.
>

A CSMP program was written (Appendix G) with the above
Pyl

j{ equations, which represent the aerodynamic models and the
1'::
o control laws of the linear CBTT autopilots.
Figure 3.7 shows the sideslip angle B8 for the
_, linearized CBTT autopilot, having maximum values of -0.46°
N and 0.26°.
Figure 3.8 shows the roll angle response which has an
'-: overshoot of 4 percent and is about the same with the roll
angle of uncoupled roll autopilot. The above plots verify
; p the results, given in the [Ref. 2].
T 108
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H. RELATIVE STABILITY OF CBTT AUTOPILOTS OF CIRCULAR AND

ELLIPTICAL AIRFRAMES

when the coordinating branch gain Kyp was set to zervo
in CBTT autopilot of the circular airframe, the maximum
sideslip angle increased to 2.8 degrees. Therefore, for
the circular airframe the coordinating branch is not very
effective in helping the yaw autopilot to reduce sideslip
angle.

If kYP is increased to unity, as it is for the CBTT
autopilot of the elliptical airframe, the maximum sideslip
remains below one degree for 3 seconds but the autopilot is
unstable. Modifying of the circular airframe will be done
in the non-linear CBTT, for minimization of the sideslip
angle.

Removal of the aerodynamic cross-coupling (i.e CnB '

C , C This

n ) had no effect on the sideslip angle.

n
Y 6R

showed that the aerodynamic cross-coupling plays an
indirect role in determining the quality of sideslip
control by determining the relative stability of the
coordination branch or the magnitude of the coordination

gain K The magnitude of sideslip angle is dependent on

Yp*
the nulling effects of two parallel paths shown in Figure

3.9, as given in [Ref. 2].
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The contribution of yaw acceleration ny to the maximum

B is negligible and therefore neglected. 8 is formed
mainly by the subtraction of the kinematic paths of a,p and
the yaw angular rate r.

The coordination is obtained in the CBTT control law by
commanding the yaw autopilot with a yaw angular rate
command r. (Figure 3.2) of Kyp agPs which forces r to be
equal to a,.p and therefore nulling as shown in Figure
3.9. The nulling process will be accomplished more
efficiently if Kyp =1.0. The reason the sideslip is not
nulled completely is that ny is not zero and r can not
equal r, over all frequencies.

The linearized CBTT autopilot of the circular airframe
was unstable, when the uncoupled channel control laws used
with a coordinating branch gain Kyp of unity. The
autopilot was stabilized by decreasing to 6.458. The
actuator of roll control channel has a frequency of 60
rad/sec.

The stability of the CBTT autopilot for the elliptical
airframe is considerably better, due to the setting of Kyp

at unity, which results in a substantial decrease in the

magnitude of sideslip angle as shown in Figure 3.9.
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I. CONCLUSIONS

1. The linear coupled autopilots verify the results of
the uncoupled autopilots and keep the sideslip angle small
for coordination motion. (section II.D. and II.E)

2. Further Conclusions about the relative stability of
the autopilots, about the gain Kyp of the coordination
branch and about the sensitivity of the autopilots to the

aerodynamic cross-coupling are given in chapter 7 of [Ref.

2].
‘hbl
~ Wy
—
v‘,,:-',:l
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IV. NONLINEAR ANALYSIS OF CBTT AUTOPILOT FOR CIRCULAR AND

ELLIPTICAL AIRFRAME

A. GENERAL

The three dimensional nonlinear aerodynamic models
used for the analysis are shown in the Figures 4.1 and 4.2.
For the configuration under consideration, the assumptions,
which have been found to be consistent are referred to in
chapter 5 of [Ref. 2].

Nonlinear aerodynamics and mass parameters values are
presented in Appendixes A and B, as taken from the [Ref.
2]. The same flight conditions (i.e 60kft altitude and
M=3.,95) as in linear CBTT.

In this section the control laws for the non-linear
CBTT autopilots are discussed. The results for commanding
the CBTT autopilots for both airframes are shown and the
desired aerodynamic model to enhance CBTT performance is
determined. The performance of the CBTT autopilot for the
elliptical airframe is determined, when no lateral
aerodynamic cross-coupling exists and with ideal airframe
dynamics. Also the performance of the ?qCBTT autopilot for
the circular airframe is determined, when no inertial and
kinematic cross-coupling exist into the pitch autopilot.

The conclusion of the nonlinear analysis are stated.
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CONTROL LAWS FOR ELLIPTICAL AIRFRAME

B,

The control laws used for the following nonlinear 3-D

studies were the same as those used for the linear studies

in section III, which are shown in Figures 4.3 and 4.4

taken from [Ref. 2], except for the gain as shown in the

bold line of the coordination branch in Figure 4.4. The

new gain a is held constant at one degree magnitude for

angles of attack less than one degree positive and greater

than negative 5 degrees. For angles-of-attack greater than

one degree positive, the gain a is equal to the angle of

attack. This maintains coordination for very small

angles-of-attack.

‘!ji Gravity effects were not included in the linear

studies, because it was assumed to have a negligible

influence on autopilot stability and response perturbations

about a missile trim conditon.

Gravity effects were included in the nonlinear

studies, where the missile body-fixed yaw axis will be

subjected to the full force of gravity and may therefore

have a significant influence on sideslip.

P I

1. Pitch Control Law

»

The pitch control law for the elliptical airframe
is the same that is used in the linear studies in section

III.F., except in the command applied to the channel.
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(‘ A In inertial rectangular coordinates, the

0 acceleration commands, are:

\ a. n, (acceleration command in inertial Zy

_\

= direction as in figure 2.4) = n, - cos? IV.B.1-1

) c

ij where: n, : guidance command (gees)

~ © |

e -cos¢ anti-gravity bias command (gees)

- ® Elevation Euler angle = (gcos¢-rsin¢)dt
3 b. n, acceleration command in inertial Y,

R ¢

- direction, which is equal to zero, because it is desired
;; coordinated motion. In the polar coordinates, the
-Zf L acceleration commands are:

& 2 i

‘ LA a. W= - [(mh- coae)-t-ﬂyg] 2

N r XY

) = - [('ﬂzc—COSQ) 1

2 = =~ (M -coso

Z- 2 ) (IV.B.1-2)

b. "

i ¢ = tam (;EE

3 < (IV.B.1-3)
::_;: hence .c = N« and n =0,1,2...

3 Since the pitch control law of the elliptical
?; airframe does not have an integration in the acceleration
gé error path (i.e in the acceleration compensator as in the
e
yH case of circular airframe) and requires a gain in series
T3
?2 with the acceleration command shown in Figures 4.3 it was
"'-
- necessary to modify the antigravity command as follows to
.‘ -

SR assure an anti-gravity bias of just one gee.
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e T n, (elliptical airframe inertial acceleration command) =
g%f = nzc— #.913 cos® (II1I.B.1.4)
:&E The autopilot was tested, using a commanded 2 gee
Etﬁ (ﬂo, 18ﬂ°), that denotes an inertial command of 2 gees,

f;; which is first applied in the 8° or upward direction at T =
:§§; 2 seconds for 3 seconds and at the fifth second is applied
X in the 182° or downward direction. Since at first both the
E%j: missile roll angle and roll angle command are at zero

553 degrees, there is no roll motion and the missile turns

Ef: upward as a skid-to-turn controlled missile. At fifth

%Ej second the missile is commanded to roll through 180 degrees
%?? while moving in a coordinated manner in yaw and roll to
;yﬂ é;;g minimize sideslip angle and prevent or minimize negative
ig;; = angle-of-attack.

.Ei The other equations, which represent the nonlinear
%1 pitch control law are the same as for linear studies

E%. section III.C. and the state variables are shown in Figure

‘.
%: 4.3.

Ol The equations are:

¥ X = -150X + 150 Mg (1V.B.1-1)
¥ Y = -6Y-0.5305 1 + 0.43X (1v.8.1-2)
3 dp. = ~0.3837 (Y+4[533)-3.0¢(v-qlss3)  (1V.B.1-3)

dp = - 1384 -SP + 10¥95.3-8p, (IV.B.1-4)
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where:

n : achieved body-fixed acceleration in Z axis

n : inertial acceleration command.

2. Lateral Control Laws ‘

The lateral control laws are the same as those
used for the linear studies, except the modification in the
coordination branch. {

The command L for the roll control law is zero )

for the first 5 seconds and 188° affterwards, as derived in

Iv.B.1.
The equations which represent the lateral control 1
laws are the same those of section III.F. i
Yy T -4 Yy +3356 nyg (1V.B.2-1) ;
: - (ae-pY Y Qe-P
Iy, = 0.608 (Y, + = aP(5¥3)2)+6°8(Y2 37_3_“_;.5.)3 &
A L
= 0.608 (Yz*gs' 268 28 23)”’ 0g (¥, ‘53 g:g: 5 ]
(IV B.2-2) j
where: 3
} a> 1°
cxC a
and
at 1° } al L
X. -83(1 -RED+ 176 b (IV.B.2-3)
JY = ‘188’-‘ SY +10}953 SYC (IV.B.2-4)
Xa= =6X, +0.078 (P/sx 3) (IV.B.2-6)

Sgc: ~15 8k + 10425 (I;SXﬂ-FGQ-SS M%) (1v.s.2-7)
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Op = —188.4-Jp + 10%95.3 -8pc (IV.B.2-8)

The state variables are shown in Figure 4.4. For
purposes of analysis, a CSMP program was written (Appendix

H) .

c. AERODYNAMIC MODELS FOR ELLIPTICAL AIRFRAME

The aerodynamic models of Pitch and Roll-Yaw channels
for the elliptical airframe are shown in Figures 4.1,4.2.
The airframe dynamics under consideration, have a level of
complexity sufficient to determine the critical areas of
concern regarding the stability and response of CBTT

control.

tﬁ%? 1. APitch Channel
The nonlinear aerodynamic model of the Pitch
channel consisted of the uncoupled model, coupled with the
Roll-Yaw channels via the inertial cross-coupling of rp
into q and the kinematic cross-coupling of -8.P into a.
Also the antigravity command cos¢ cose is inserted into n,.
This model is shown in Figure 4.1.
The above terms consist of the nonlinear terms of
the pitch channel.

The equations which represent the pitch

aerodynamic model are:

Mg = =38 (v Iw (gees) (IV.C.1-1)
S 4 = Prlst.3+51.333d (y lIvy (IV.C.1-2)
124
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A SR A L . &2 AR 2 B Oa v

& A =q +K Mg, ~ P.8/5%3 (Iv.C.1-3)
where:
1845
K = = = 9,48
v
3§ = 1650 (lbf/ft,) a
5 I
s = = (£t°) .
1
a =2 (ft) ]

w = 2475 (1bf)

PR

2
= -
I 798 (slug-ft

Functions cN(a,sp) and cm(a,sp) are nonlinear

functions shown in Appendix B that vary with a and ép.

SN e b ing

Substituting the values into the above equations,

&

they yield:

Xy Mg = —1.3333 - (y (IV.C.1-4)
q = O.%52- p-r +¥51.9541 Cu (IV.C.1-5) :
d = q-0.63998 (N - 0. 047452 P- 8 (IV.C.1-6) 3

2. Lateral Channels

The nonlinear aerodynamic model consisted of the

uncoupled roll and yaw channels, which coupled via Cn
B

Crl and Cn « Also the lateral channel coupled with

Sy SR

the lateral channel coupled with the pitch channel via the

s% inertial cross-coupling of -gp into r and the kinematic
E? cross-coupling of ap into 8. The above term is the

N

- nonlinear part the lateral pitch channel. The nonlinear
E: lateral dynamic model is shown in Figure 4.2. The

¥ i
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equations that represent the aforementioned model are as

follows:
We = 5 (Cyg-8 + Cygy -8v) [ W (gees) (IV.C.2-1)
§ = Kmy + a.Plst.3 -r (deglsec) (IV.C.2-2)
¥ = -9-P5%3 +5%358d (Cage 8+Cngy + &y + Cop -80) (13
(IV.C.2-3)
I:’ = 513934 ( (g €+ (‘QY"SY-J-Q&-SR) [ xx (IV.C.2-4)
® = P/s33 (cadlsec) (IV.C.2-4a)
®=P (deg fsec ) (IV.C.2-5)
where:
K = 9.48
9 = 1650 (1bf/ft,)
s =1 (£t?)
d =2 (ft)
w = 2475 (1bf)
I, = 118 (slug-ft?
I,, = 853 (slug-£t?)

as referred to in Appendix A,

Functions Cy (a), Cy (a), C, (a), Ch (a), C,

GY 8 8 GY SY

c, (a), ¢, (a) and Ch (a) are nonlinear functions which
8 8 [
R R
vary with a angle-of-attack and referred in Appendix B.
Substituting the values into the referred before

equations one obtains:
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Myp = 1.3333 (Cv,.e + Cygy - OY) (IV.C.2-5)

8 = 0.63998 (Org-8 + Cyy, -3y ) +0.01M52a-P-¥  (IV.C.2-6)
¥ =-0.011459-P+636.U2 (Goy B4Cny - Sy + Gy §e)  (1v.c.2-7)

P = 5400.39%% ((,8.8+C¢;'.5y+c%.52) (IV.C.2-8)
4;4: P (IV.C.2-9)

D. ANALYSIS OF NONLINEAR CBTT AUTOPILOTS FOR ELLIPTICAL

AIRFRAME

For purposes of analysis, a CSMP program was written
(Appendix H) with the aforementioned equations of the
aerodynamics models and control laws of the nonlinear CBTT
autopilots.

To decrease computer time, appropriate initial

conditions were inserted. The initial conditions are:

a : angles of attack = 2.41 degrees

6p : pitch tail incidence = @.658 degrees

@ : pitch Buler angle = 0,636 rad

X : output of pitch acceleration feedback lag = lgee

Y : output of pitch acceleration compensator = -9.01085

cpc: pitch actuator command = ¢.0148 rad

The achieved maneuver plane acceleration n, is
calculated from the body-fixed accelerations nzB(Figute

4.6) and (Figure 4.7) and the roll angle ¢ (Figure 4.13)

as follows:
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N, = My, Cos + Myg- 5N (IV.D-1)

Figure 4.5 through 4.16 show the responses of n,«

n, , a, 8, g, p, ¢, ®, 8 _, & and §,.
Y P’ Y R
and table II show the time constants and the overshoots of

Also these figures

the referred before variables.

Figure 4.5 shows that the achieved inertial
acceleration n, doesn't satisfy the requirement of the
overshoot (i.e below 10 percent) and it is not acceptable.
The results of this analysis verify the result of the [Ref.

2].

E. CBTT PERFORMANCE WITH IDEAL AIRFRAME DYNAMICS FOR

ELLIPTICAL AIRFRAME

The purpose of the following simplifications to the
airframe dynamics model is to isolate the critical
cross-coupling paths, which have caused, the transients in
the maneuver plane acceleration responses.

The dynamic model without the coupling paths will be
referred to as ideal dynamics. Although ideal dynamics are
not physically attainable, it is a useful goal for both
autopilot and airframe designers.

The same guidance commands are applied to the CBTT
autopilot of the elliptical airframe as in par. IV.B.1l
(i.e, 2 gees (8°, 188°) but with lateral aerodynamic

cross-coupling removed. That means, the aerodynamic
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cross-coupling was removed. The major influence of the
aerodynamic cross-coupling in the elliptical airframe
response has been to decrease the overshoot in the achieved
maneuver plane acceleration resulting from the second
guidance command.

In addition to aerodynamic cross-coupling the
kinematic cross-coupling of -8p into a and inertial
cross-coupling of pr into q were removed. Therefore, the
only cross-coupling which exist in the airframe dynamic
model are the kinematic coupling of ap into 8 and the
inertial coupling of -qp into r. There is also the
autopilot cross-coupling of the coordinating command from
the Roll to Yaw channel.

The equations, which represent the modified
aerodynamic model by removing the referred cross-coupling
are same with those as in paragraphs IV.B.l, IV.B.2, IV.C.l
and IV.C.2, with the only difference in the following
equations:

1. Pitch Aerodynamic Model

§ = 5%335d Gylly (deglsec?)
151.954) Cy (IV.E.1-1)

Q-+ ‘(”Mze
q- (k3s Wiw)
Z 9-0.63998 Cy (deglsec)

(1

and <i

(IV.E.1-2)
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2. Lateral Aerodynamic Model
.—_ QQP 53-3?'5& ( .6+( 05’

= -0.04452 9.P +696.44% (ng-8+Cng Y.Jv) (deglsed
(IV.E.1-3)

S AW L . . f

and

PR AR _§ VIS ]

51.3 9 Sd
Txx

= 95Y00.39%¥F CQJ‘R-JR (dcg’secz)

P = ‘ ng-glz

(IV.E.2-2)

For purposes of analysis, a CSMP program (Appendix

s
|

H) was written, using these equations. Figures 4.17
through 4.24 show the time responses of the n,, nZB, a, 8,
q, ¢, Gp’ sy, GR. The above figures and table II show the
time constants and the overshoots of the variables.

Figure 4.17 and Table II show that the achieved
inertial maneuver acceleration satisfy the requirements for
the time constants and overshoot, when the cross-couplings
which were discussed befcre have been removed.

FPigure 4.25 (taken from [Ref. 2] shows the
critical feedback paths which couple the pitch and yaw
channels via missile roll rate.

The aforementioned figures and plots verify the

results of the [Ref. 2].

Fe. CONTROL LAWS FOR CIRCULAR AIRFRAME
The control laws used for the circular airframe are

the same as those used in the linear studies, except for
142
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TABLE 1I. CBTT PERFORMANCE OF ELLIPTICAL AIRFRAME

VALUE TIME (sec)
~2.934(gees) 5.861
1.351 (gees) 5.661
-2.934(qees) 5.062
8.937 (qees) 5.853
1.35(deg) 6.190
6.75(deq) 3.10
2.22(deq) £.295
6.75 (deq) 3.1¢
-8.9(deq) 5.49
1.49 (deg) 6.05
1.53(deg) 5.45
1.087(deq) 5.91
-190.6(deg/sec) 5.639
9.5(deg/sec) 2.337
-7.8(deq/sec) 5,328
9.5(deg/sec) 2.337
-14.115(deg/sec) 6.600
282.694 (deg/sec) 5.387
-14.29(de§/sec) 6.600
281.928 (deg/sec) 5.387
-2.32(deg/sec) 5.9¢
33.1(deqg/sec) 5.32
-0.178(deq/sec) 7.236
37.5(deg/sec) 5.29

CROSS - <, (sec)

COUPLING O
All
All
{deal
tdeal
All
All
ideal
tdeal
All
All
ideal
i{deal
All
All
fdeal
ideal
All
All
ideal
ideal
All
All
ideal

ideal
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$ershoot\
8.48 and
(1]
9.48 and
(2]

All the above referred values are for command 2(0°, 188°%)

1,: 62 percent time constant of achieved maneuver plane
acceleration due to the first guidance command.
Lok 63 percent time constant of achieved maneuver plane
acceleration due to the second guidance command.

e
FAFRI 0 AP

T, (sec)

Overshootd
6.41 and
11.25%

#.37 and

[A]




the gain (a) of the coordination branch of lateral control
laws, as mentioned in the study for the elliptical
airframe, ‘

The same 2 gees (8°, 180°) guidance commands and

flight condition were used fovr direct comparison with the

performance results of the elliptical airframe.

e i m-a_a

However, to decrease simulation run time, the first
guidance command and anti-gravity bias were applied at zero
time with no missile or autopilot initial conditions.

l. Pitch Control Law

The pitch control law for the circular airframe is
the same as that use in the uncoupled autopilot shown in
iié; Figure 4.26. The command used in the autopilot is
different than the one used in uncoupled channel and it is
as follows:
(IV.B.1l-1)

Ne= N3 - oSO

as referred to in section IV.B,1

e "t
PR R

LN
‘I ‘.
]

e .7 8 AR

PRt P o
Gy,

Lot e IPO.I

The equations which represent the nonlinear pitch
control law are the same as those in section III.C. of

the linear pitch control law, using Ky = -0.0387

o 2
gi The equations are:

'. x =-150 X + 150 My, (IV.F.1-1)
% ¥3= Yy ~1.3534- (nc~X) (IV.F.1-2)
E;;: Yy = =5Vy + 6.572-(Mc-X) (IV.F.1-3)
I 8p.= -0443.8p, - 0.34058(¥; +9 [5%. 3)—2.2303-(\!,- qllsvf))
SR o IV.F.1-
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S 5,, = ~488.4 JP + 10¥9%.3 -ch (IV.F.1-5)

The state variables of the above equation are

- aww

shown in Figure 4.26.

2. Lateral Control Laws

PUMIIE | Yoy

The lateral control laws for the circular airframe

are the same as those used for the linear studies, except

-

the modification in a_. (or a) which was referred to before.

e
The same command is used, as in the elliptical

airframe. The equations which represent the lateral

control laws are the same those of section III.C.l and

III1.C.2. and they are:

Y = -5Yp + L6 Wy (IV.F.2-1)
‘. - « ¥ _04S® o P X s
- dy, = 0.435 [Vat 575~ (s (Ge-P+ Xe P)] +415 (Y24 &% (—5%!‘2-2)

= 0.485 (Y, + &3 - 0.000433 Q- P+cte- PY ] 495 (Y2 # 5 - 0.000139¢.)

(IV.F.2-2)
where:
Qe = &
. ? as 1
Qe = Q
and
Qe = L } o< L
e =O
& = -188.4 8y + 107953 dy, (IV.F.2-3)
. *‘ - "8X1‘17-C ¢+1¥'6 ¢C (IV.F.2-4)
: Y, = -5V, +005033(X,-#/s1.3) +0455 (X - P/5%.3)
« - (IV.F.2-5)
G
T
s
lP’.
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X, = -6Xy +0.0%8 ( P/57.3) (IV.F.2-6)
Eécz -i5dR, +0.25 (Y.,')'(z)-l- 15(Yi-X2) (IV.F.2-7)
Sp = -19848p, +409953-8p. (IV.F.2-8)

The above state variables are shown in Figure

4.27.

G. AERODYNAMIC MODELS FOR CIRCULAR AIRFRAME

The aerodynamic models of Pitch and Roll-Yaw channels
for the circular airframe are the same as those of the
elliptical airframe and are shown in Figures 4.1, 4.2, the
only differences which exist between them, are the

aerodynamic mass parameters and nonlinear derivatives

iﬁg& changes, as referred to in the (Appendices A and B).
Hence, the equations which represent the dynamic
models are:
1. Pitch Channel
Mg =-GSCwiw (gees (IV.C.1-1)
q= s,;; 4 =3 31.:: Cu (deglse?) (1v.c.1-2)
azq + K-Mag —~ 2-_,83 (deglsec) (IV.C.1-3)
Substituting the values for aerodynamic and mass
parameter for circular airframe, the above equations
become:
'y\.zs = -2.05292 - (N (IV.G.1-1)
s Q =-0.0{#452 P.r+ 336.8604 (uy (IV.G.1-2)
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a = q - 0.9854 Cy- 0.04¥452 p.§ (IV.G.1-3)

2, Lateral Channels

Wy = 8 (CY‘,g + Cyg, +OY) [ W (gees) (IV.C.2-1)

x
|

= Kefyg +@ PI5E3 -1 (deglsec)  (IV:€.272)
“'%é?“* 5ﬁ:<a$d (‘hc-34-6n5-$v+cnﬁf5§)
& (IV.C.2-3)

p = 513384 (Ce‘.e-l-(vg,-sw Cegp .6R)

Ixx

o
]

(IV.C.2-4)
dd = P (deglsec) (IV.C.2-5)
Substituting the values in the above equations,

they yield:

Wo = 2.05292 ( Cy-€+ Gy, dy) (IV.G.2-1)

X 8 = 0.9854(Cy-8+Gybv) +00MMS po-v  (IV.G.2-2)
v - T-0.01%452 G-P +¥33.3333 ((ng-€ + Cng,-§y +Cngp-SR)

(IV.G.2-3)

H. ANALYSIS OF NONLINEAR CBTT AUTOPILOTS FOR CIRCULAR

AIRFRAME

For purposes of analysis, a CSMP program was written
(Appendix H) with the equations representing the
aerodynamic models and control laws of the nonlinear CBTT
autopilots for referred airframe.

At first, in order to understand the effect of faster
response, in the reduction of the effect of kinematic and

inertial cross-coupling, the pitch acceleration error gain
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K, Figure 4.26 was reduced to Ky = #.0274 for slower
1
response.
The equation, which represents the acceleration

compensator after the above geduction, is:
-0.0234 (s{o.443 - 4
V3= e (Mc-X) (IV.H-1)

s- (=&-+1)

Utilizing method of state~space representation with

forcing term derivatives, the equation IV.H-1 yields:

Y3= Yy -0.95804 - (1c-X) (IV.H-2)
Yy = -5-Y +4.653-(m.-X) (IV.H-3)

Using the above equations, instead of the equation
IV.F.1-2 and IV.F.1-3, a new CSMP program (Appendix I) was
written.

Figure 4.28 shows that the achieved maneuver plane
acceleration has a good response to the first command which
is applied at zero time. The missile with the circular
airframe moves upward like a skid-to-turn missile, as did
the elliptical airframe missile, because the motion is in
the desired maneuver direction and therefore the roll
channel is not commanded.

The time constant of the achieved maneuver response T
is equal to 0.49 seconds. The achieved maneuver plane
response due to the second guidance command applied at 3
seconds, shown in Figure 4.28 is reacting differently to

the kinematic and inertial cross-coupling than the
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elliptical airframe in Figure 4.5. Rather than overshoots
and undershoots, a slowing transient starts at 3.5 seconds.

Figure 4.29 shows that the overshoot in the body-fixed

[ I S ]

pitch acceleration, due to the kinematic and inertial

cross-coupling during the second command, is 66.8 percent

e

which is substantially more than it was for the elliptical

airframe and occurs much sooner at 3.66 second.

‘.2 AN .

Figure 4.29 through 4.39 show the time responses of

v

the ny ,a, 8, q, Py £, ¢, 8p, § and ép. Above figures
c

and table III show the characteristic of the responses of

Ry O

the variables for the circular 2irframe, when the KA =
-0.8274.

The referred results of this study verify the results

., | PRV

of [Ref. 2]}.

ok

lata s

I. EFFECT OF INCREASING PITCH CHANNEL SPEED OF RESPONSE
In order to reduce the effect of kinematic and
inertial cross-coupling during the second guidance command,
the response of the Pitch channel of the CBTT autopilot for
the circular airframe was made faster as shown in section

II. This was accomplished by increasing

the acceleration error gain K, = -0.0387.
2

Using the above gain KA the equations represent the
2
acceleration compensator are the IV,F.1-2 and IV.F.1-3.

,
-
‘n
b-'
)

% ‘rr's

.

Y
X ;:ﬁa The effect of the change in K, on achieved body fixed

-
.d
]

4
oy
I.‘
< -
d

acceleration (Figure 4.40) results in the achieved maneuver
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TABLE III. CBTT PERFORMANCE OF CIRCULAR AIRPRAME

R :
s * .
VARIABLE VALUE TIME(sec) CONDITION v, (sec); =, (sec);
o&ershoot\ oaershooﬂ !
Nymax  1-992(gees) 5.18 KA, 8.46 and  2.52 and
Nyuin  -3-844(gees) 3.060 ' ' .
Nypax  1+189(gees) 4.548 , 0.34 and  9.62 and '
Nymin  -3-125(gees) 8.825 5% 2.05¢ i
fimax  1-802(gees) 5.040 A, 8.34 and  8.53 and ;
Nymin  —3-125(gees) 8.825 5% 2 .
2 pax 11.15(deg) 1.432 A, i
3ain 3(deq) ° o
2pax 11.489 (deg) 2.862 a, 1
20in 0.853 (deg) 3.656
a0ax 11.488 (deg) 2.862 A,
ain 2(deq) L]
Bnax 4.25(deg) 3.461 KA‘
Bmin -0.399 (deg) 4.206
Bmax 3.633 (deq) 3.458 KAz
Bnin -0.326 (deg) 4.29@
Q:"v! B ax 5.114 (deg) 3.608 A,
Bain -9.414(deg) 4.620
Upax 21.39 (deg/sec) 9.285 KA1
Gpin -8.84(deg/sec) 3.220
Upax 29.562 (deg/sec) 9.261 KAZ
9in -14.323(deg/sec) 3.225
Upax 29,562 (deg/sec) 9.261 KA,
{:;. i -17.575(deg/sec)  3.251
:;_‘ Poax 278.5 (deg/sec) 3.394 ",

-14.166{deg/sec) 4.6

X
"U
2
3

‘;:t‘ Prax 279.487 (deg/sec) 3.4 K‘z
:._ Pain -14.0971(deg/sec) 4.6

E:: 9-" 277.574 (deg/sec) 3.4 l(A3
;‘. Prin 13.798 (deg/sec) 4.597

= T pax 22.66 (deg/sec) 3.28 l'.Al
: Tatn -1.456 (deg/sec) 4.56

T nax 21.406 (deg/sec) 3,262 A,
. Tain -1.322(deq/sec) 4.537

f.i . fpax 23.159 (deg/sec)  3.287 ,
,_ .‘. Tmin -1.364(deg/secC) 4.818
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plane acceleration response (Figure 4.41). Figure 4.4l
shows that the achieved maneuver plane acceleration
response during the first guidance command has improved.
Table III shows that increasing the Ka resulted in a
decreasing in maximum sideslip angle 3.66 and a slight

decrease in yaw angular rates (maximum 21.4 degrees).

J. EFFECT OF INERTIAL AND KINEMATIC CROSS-COUPLING IN
PITCH CHANNEL
The cross-couplings, (-8P) into a and (rP) into q ,
were removed in order to assess their effect on
performance. Hence, the equations for a and q in the pitch

aerodynamic model becomes:

a = q+ K Mg (deg [sec) (IV.J-1)
é = 5%13q98d(y ’IYY (IV.J-2)

Replacing the values to the parameters of the above

equations, they yield:

Q = q-0.-9854 (y (1V.J-3)
H where CN' Cm nonlinear functions which vary with a and
?ﬁ sp referred to in (Appendix B). The lateral aerodynamic
ﬂ cross-coupling was retained. For purpose of analysis, a
¢ CSMP program (Appendix I) was written.

Comparing Figures 4.42 and 4.43 with figures 4.40 and
? T 4.41 it is concluded that the undersirable transients are

e one.
- g 175
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Table III shows that the achieved maneuver plane

acceleration time constant for the second guidance command
has decreased.

Figures 4.44 through 4.50 show the time responses for
a, B, q ,x, Gp, ay, and GR when the Ka is equal KA; -0.08387

and the kinematic and inertial cross-coupling of the Pitch

channel have removed.

K. CONCLUSIONS

l. The maneuver plane responses have transients,
which may have to be reduced, are caused by inertial and
kinematic coupling between pitch and yaw dynamics.
Transients cause excessive overshoots and undershoots in
achieved maneuver plane acceleration for elliptical
airframe (Figure 4.6) and excessive slowdown in the speed
of response for circular airframe (Figure 4.28, 4.40).

2. The result of the nonlinear 3-D performance study
verify the linear study of chapter III.

3. The rvesults of this study verify the results of
[Ref. 2].

Further analysis and conclusion about a, q, t, p

and g are discussed in [Ref. 2].
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V. MINIMIZATION OF THE KINEMATIC AND INERTIAL

CROSS-COUPLING EFFECTS

A. GENERAL

The nonlinear CBTT autopilot for both airframes,
consisted of the uncoupled autopilots discussed in section
11, which coupled via inertial, kinematic and aerodynamic
couplings.

The effects of the cross-coupling were discussed for
both airframes in section 1IV.

In this section the kinematic, inertial and
aerodynamic coupling effects will be sumarized. The
kinematic and inertial effects in the pitch channel will be
analyzed.

The minimization of the above coupling and their
effects will be studied, using feedbacks of angle of attack

and rate of angle of attacks.

B. CROSS-COUPLING OF CBTT AUTOPILOTS
As discussed in previous sections, the four
cross-couplings, between the autopilot channels for both

airframes are:

:3 1. Aerodynamic Cross-Coupling

The aerodynamic cross-coupling is the coupling

v
F! R between the Roll and Yaw nonlinear channels, via the
SRS
b =,
o 187
2
.
[
5
%
""" S A

AW YA R Y



C, » C, and Ch (Figure 4,2). The major effect of the

$ s
8 Y R !

above coupling in the elliptical airframe response is to
decrease the overshoot in the achieved maneuver plane
acceleration resulting from the second guidance command,
(i.e 2 gee (180°), the other effects on the missile

variables were small but in a direction which improves

Bk BB A B P p s o _ammama .

performance (i.e decreased missile body angular rates, less

control surface motion, less sideslip variations). 1In the

FEEE I T .

circular airframe, the effects of the C(C, , C, are

8 GR
negligible, the critical coupling coefficient is the C,
$

which effects the stability in the coordination branch,

PR WS e

‘yir
i which can be improved by reducing the effect of Cz on
§

Y
missile vroll angular acceleration. (equation IV.C.2-4) ]
2. Cross-Coupling Between Roll-Yaw Autopilots for &
Coordination Motion ]
.
This cross-coupling branch, shown in Figure 4.4, )
has been added between the yaw and roll control laws, in ?

Ej order to provide coordinated motion between these two
channels. For purposes of stability the coordinating

branch gain Kyp was selected for the elliptical airframe

il i’

Kyp = 1l and for the circular airframe Kyp = #.458, The
" elliptical airframe is more stable than the circular with

the above selected KYP' ‘

&
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3. Kinematic and Inertial Cross-Coupling i

The kinematic and inertial cross-coupling exist %

between the pitch and lateral nonlinear aerodynamic models ji
of the CBTT autopilots. There exist the following ;
g

cross-coupling paths between pitch and lateral channel.

a. Kinematic cross-coupling path of (-8p) into a

N
.:{

in the pitch aerodynamic model (Figure 4.3).

b. Kinematic cross-coupling path of (ap) into 8
in the lateral aerodynamic model (Figure 4.4).

c. Inertial cross-coupling path of (pr) into g in
the lateral dynamic model (Figure 4.4).

d. 1Inertial cross-coupling path af{(-qp) into r in
the lateral dynamic model (Figure 4.4).

The efffects of the inertial and kinematic
coupling are the transients in the achieved maneuver plane
acceleration response, and have the form of overshoots and
undershoots discussed in section III, IV. Transients may
also result in a slower maneuver plane acceleration

response and are less pronounced at higher acceleration

levels. 5

Coupling transients may be reduced by increasing ?
pitch stability, by decreasing maximum roll rate (section £
IV), by improving the autopilot coordination technique to i
minimize sideslip rate B8 (section 1IV), by increasing the 3

effects of stabilizing lateral aerodynamic coupling
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(negative Cz ), by increasing pitch channel speed of
8
response (section IV) and by increasing the pitch stability

Cm with feedbacks of both angle-of-attack and rate
a

of angle~of-attack for the pitch autopilot.
c. KINEMATIC AND INERTIAL CROSS~COUPLING IN PITCH
AUTOPILOT
The kinematic and inertial cross-couplings in the
pitch autopilot, are via the pitch angular rate q and the
rate of angle-of-attack (a) (Figure 4.1)).

The equations for q and a (figure 27) are:

- _ 513954 Cmgo-8p 4+ Gmgs o) + 2P (V.C.1)
= . *0p 4 (m; () +
g2l (ng =F
az q- (r8/s51.3) (V.C.2)
where:
rP/57.3 = Inertia Cross-Coupling

"

Kinematic Cross-Coupling

Removing C from the parenthesis in (V.C.1l) and
a

combining with (V.C.2) to eliminate q, the (V.C.l) results

in:
513334 Y, P _ (PE Y
« ‘T—(C"SP'S”"' g )+ 55 (51-5)

57.338dGng [ vP (P8
= ( m;+a)¢ 51.3 '513)

Tyy
(V.C.3)
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K = -T3asd - Cmg
Iyy
and ¢
wm{,
Kz: L4
Cme

Taking the Laplace transform of (V.C.3) and solving

for a, the equation becomes:

P.8
-1 vPls3.3)- S- (3T
=gy [ LrPlsy.3) (%73) iy S V..t
A | Ki
K|.+
Increasing the magnitude of Ch will decrease both Kz
a

and 1/K, resulting in the reduction of cross-coupling

effects on the angle-of-attack (a) and the influence of Gp

in the a.
In the section III the equation of nszas derived:

Nag = (—c—;S/W) ' ((N;P-SP-*I- (Na'“) (V.C.5)
which involve (a). Therefore, the reduction of inertial
and kinematic effects on (a), results in the reduction of
the effects in the achieved body-fixed acceleration (nZB).

In the nonlinear studies the equation for the achieved
inertial acceleration was derived as:
Ny = My - COSP + My, -SIMP (V.C.6)
It is apparent from the equations (V.C.4), (V.C.5) and
(V.C.6), that an increasing of C results in the reduction
a

of kinematic and inertial effects (i.e transients in the

response) in the achieved inertial acceleration (nz), which
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it is desired in order to meet the requirement of time
constants (Tl, 12) and percents of overshoots and

undershoot, as referred in Appendix C.

D. MINIMIZATION OF THE KINEMATIC AND INERTIAL

CROSS-COUPLING EFFECTS IN ELLIPTICAL AIRFRAME

As discussed in the nonlinear studies, using the pitch
angular rate q as feedback and under the influence of the
inertial and kinematic effects, the achieved inertial
acceleration (nz) for both airframes doesn't meet the
requirements of the time constants, overshoot and
undershoot, denoted for the linear autopilots, referred to
in Appendix C.

Figure 4.5 and Table II show that the achieved
inertial acceleration (nz) for elliptical airframe with
feedback the pitch angular rate (gq) has overshoot 11,25%
and = §.48 sec, T, = .41 sec.

Figures 4.48 and Table III illustrate that the
achieved inertial acceleration (nz) for circular airframe,
with feedback the (q) has overshoot 5% and t=-.46 sec,

T, = -.62 sec. Hence tne (nz) for both airframes is not
acceptable,

In order to minimize the inertial and kinematic
cross—coupling effect, namely to have smoother transient

response of n, which will meet the requirements of time
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constants and overshoot, the magnitude of Cn was increased,
utilizing as feedback the angle-of-attack ang its
derivative.

In order to increase the magnitude of Cma the
stability augmentation theory was used.

Considered as stability derivative augmentation a—+6p
and 3-»6p increase the magnitude of M, and Mj directly, as
referred in [Ref. 6], the increases in the Ma is
essentially an increase in C, and hence the inertial and
kinematic effects on the anglz-of-attack are reduced.

In the pitch control law (Figure 3.1) a SAS exists
using as feedback the pitch angular rate (q). In order to
design the SAS with the angle of attack (a) as feedback,
the root locus and lead-lag compensation techniques were

used.
l. Stability Augmentation System (SAS) With Feedback

of the Pitch Angular Rate (g).

In Figure 5.1, the stability augmentation system

is shown, with feedback of pitch angular rate q where the
transfer function of the q/6p for the uncoupled pitch
dynamic model, given in section I11.C. The closed-loop

transfer function of the above SAS is:
k (+1) (3) (-435-5- 7.3108)

s (7w +1) (Shodms-1an)
G(s)= (V.D.1-1)
g H(FH)(533) (-135-5-33113)

S .1815-41.2%9
s(m)(mu)(s’.»oilaggs 11.2%9)
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_\'_.
s
: "'T'-:'Z;"“ Manipulating equation V.D.1l-1, it results:
: 2

~ K (-296.483% S 2429.3¢3 -5 ~4u4.8862 )
s 6= J" 3, 0.021-5- 11285+ K(-5.1685 2.3245 - T.9418)
% 0.00%3: 5'+1.0009-S+0.124-5 - 41.28 . (V.D.1-2)

X The poles and zeros of the SAS are as follows:

" a. P, = -188.43

-t
1y b. P, = -3.45

% c. Py = 3.269

- d. P, = 0.0

X

! and

5 :
Y e. z = -800 |
1'\ 1

N £. 2, = -0.186
:3: The other two zeros are at infinity.

. @ The root locus of the system is shown in Figure

‘:- (5-2) o

t The K was selecting at the value of -3.07, because
* at this value, the system has two dominant roots at 91,2 =

'::: -9,.212%,7.606 which dominate the response of the system,

&
2: having the following characteristics:

' - =4y 1 3.606 _ .00

. a. e - {a‘“ X ‘*.ﬁ —_m ~"2.'
o b. 3=cos©= 0133

’V

2! c. wzWa¥ 13 = ?-‘ 1-3® = 3643 (voudlsec)
ks d. Wy =X = 11203 (vadlsec)

.:y_‘ 3

3 where:
3: ¢ : damping constant
A
g - w : frequency of system

4 \!" Cati]
E‘ﬁ} RN e : natural undamped frequency :
R 195 |
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2. SAS with Peedback of the Angle of Attack (a) and

rate of angle of attack (a)

The SAS with feedback the pitch angular rate q
‘Figure 5.1) and K = -3,07, is stable and the dominant
roots gives damping ratio ¢ = #.73 in the response of the
system,

To minimize the coupling effects the angle of
attack (a) was selected as feedback in the previous SAS.
It is desired the SAS to have the same behavior as before,
for purposes of stability and response of whole the pitch
channel.

Pole zero cancellation technique is used, to
obtain the same poles and zeros, as in the case with
feedback the pitch angular rate q.

For above purposes, a compensator was used in the
SAS, as shown in Figure 5.3.

The transfer function of the compensator is:
-44.353-S - 13148

O R W TR Y TRT Y (V.D.2-1)
The closed loop transfer function of the SAS is as
follows:
-utasts-zaitg) [k (§44) | [ 583\ [-002s-4f.36% )
20025-01383 ) T 5 )\ fmred) \ST+0.4845- 1239
- G(s) =
14( )_‘!m_sﬂﬂ.! (*(i:') )( s%.3 )(-o-oz-s-m.ss? )
513 | \~0.02-5~41.353 )\ Shou s 1020
(V.D.2-2)

where the transfer function a _ _=0:02-5-4{3%7 ;g

3, SHO84-S-UN
derived in the section II.C.3.P §3-0.484-5-40.133
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Rearranging and manipulating the equation

(V.D.2-2), it becomes:

e K (593154 12209m S'+ 100282.449 -5 + 18235.00)
= 20.00015°+ 02215 S L41.599 $7- 4173 52 466.466-5 + K (0.1034 S+ 214, 6 52 FS01 5 43199)

(V.D.2-3)
The poles and zeros of the system are:
P, = -1877.931
P, = -207.391
Py = -3.447
P4 = -3,271
P. = 0.0
and
’Q*;;-’ Z, = -2067.838
” Z, = -8.0
3 = —0.186
The other two zeros are at infinity.
The root locus of the system is shown in figure
5.4.
Selecting the K = -3.87, the system has the same
dominant roots lez = -8.249%j7.577, as in section V.D.l.
3. Acceleration Loop
Considering the achieved acceleration loop in the
Pitch channel, the modification of the SAS, effects the

transmission gain of the above loop.
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N In order to compensate the effect in the
transmission path, a compensator was added as shown in

Figure 5.5.

The transfer function of the compensator is the

inverse of the V.D.2-1:
l -000 e S- {055
Ges)  -44.353-S- T H{8
Modifying in this way, the transmission path of

(V.D.3-1)

the acceleration loop, the gain of path, is the same as in
the case of par. V.D.l.

4. Measuring of the Minimization in the Kinematic and

Inertial Cross-Coupling Effect

In order to measure the minimization a CsSMP

iijﬁ program (Appendix J) was written using the equations of the
nonlinear aerodynamic models, the equations of nonlinear
lateral control law and the equations of the modified pitch
control law.
The equations of the modified pitch control law
are the following:
a. Acceleration lag network
X= -150 X+ 150 My (I11.C.4-2)
b. Acceleration second order compensator (Figure
5.5) Yy _ (-0.008). (~0.02-S ~41.35%)
(‘-“'ﬂc-X) - (?S_.',’) (-‘“'35;'5'7-7”8) (V.D.4-1)
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Utilizing inverse Laplace transformation and
rearranging the above equation, one has:

V46.4863 Y +11188 Y = -0.000232 (1.11M-X)-0.4486- (114 ~X) (V.D.4-2)

Using space representation of a system, in which

L AMEMG 2 A A S A & sowme s i« » 8 %

the forcing function involves derivative

[Ref. 5, pp 675-678], one obtains:

W, = WZ‘0.00025¥5"']( +0.000232 - X (V.D.4-3) f
W, = -1 41887 Wy - 6.1367-Wy ~0.5312- N +04396X  (V.D.4-4) i
Y= W (V.D.4-5) Y

c. Compensator of Actuator
Sec  _ _W(F+) Cut3s¥s-1.7413)
(v-aiss3) ~ s (-0.025-44.35%)
Using the method for state representation and

(VQD. 4-53)

rearranging the equation V.D.4~5 yields:

JQ' = &-,5 + K- 532.332 x40 > (y-alst.3) (V.D.4-6)
87, = 206195 8, - K. 4100. 886X 40" (Y-all533) (v.D. 4-7)
5&: apy — K. 258.48(Y~als5%.3) (V.D.4-8)

d. Equation of Actuator
5;»: -188-11-594- 10;95.3-5& (IV.B.1-4)

Selecting K=3.87, for the compensator of SAS, with
feedback (a) the time constant Y (i.e time constant of
achieved maneuver acceleration due to the first command) is
P.45 sec, the time constant ) (for second command) is 8.41
sec and the undershoot is 26.73 percent as shown in figure

5.6.
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The abo

ve response of the inertial achieved

maneuver acceleration does not have, smooth transient,

because of the large undershoot.

Due to

equal to -19.37,

the above reason, another K was selected

for minimization of the coupling effects.

With this selected K the system has the following

poles, shown in
P1,2 =
Py =
P, =
PS =

figure 5.4
-98 £j96.239
-1879.06
~-8.596
-9.189

With the same zeros as section V.D.2, the

Qj%% dominant poles of the system are P;s,, and the
characteristics of the response are:
a. 6= 44.24
b. t = 08.716
c. w= 93.775 rad/sec
d. o = 134.4}2 rad/sec

It is shown in known (Ref. 6) that the w_ can be

expressed as:

n

A )

d- Wwn = _I

z.. (V . D - 4-9 )
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and

Mo = ‘Na—f- .P-MLA (V.D.4-19)

where:

v: specific weight of air 1.4

I: moment of inertia

P: Local pressure

M: Mach number

A: Area

Comparing the w = 134.412 for the K = -19.37, it
is apparent that it is much larger than the o, = 11.2083 for
K = -3.67 and hence according to.the equations V.D.4-9 and

f%ga V.D.4-10, the Cm increases essentially, resulting in
d minimization of zinematic and inertial cross coupling
effects.

Figure 5.7 shows, that with K = -19.37 and
feedback in SAS the (a), the achieved inertial maneuver
acceleration has 1y = -.49 sec, T, = -.38 sec and overshoot
about #0%.

The above analysis illustrates that the selection

of K= -19.37, instead of K = -3.07, keeps the damping

X
’ﬁ’k..\)\_‘

[}

ratio about constant ¢ = #.71 (¢ = 0.73 for K =-3.07) and

increases the ©n which essentially increases the Cm '
a

tesulting in very smooth response of the achieved maneuver

PR
X

lv'b"'.'. T
t L
Y

acceleration,
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o Using the same particular compensators in the

Pitch channel shown in Figure 5.5 and feedback the rate of
angle of attack (;), the Pitch channel becomes
uncontrolable for both selection of K = -3,087 and K =
-19.37, because the pitch tail incidence exceeds the limits
of *1p°.

Also, selecting the K = -19.37 in SAS of Figure
S.1 with feedback the pitch angular rate q the Pitch
channel becomes uncontrolable again, due to the exceeding
of the limits in 59.

Therefore, for minimization of the kinematic and

inertial effects (i.e improving of the transient response

‘jéa of the achieved maneuver acceleration) for this particular
} airframe and flight conditions, the C, was increased,
a

using the aforementioned compensators in the pitch control

law (Figure 5.5) and feedback the angle-of-attack (a).

s
K D) f
.' A

Comparing the achieved inertial acceleration (ng)

EE with feedback (q) in the Pitch channel (Figure 4.41) and
32 the achieved inertial acceleration (n,) with feedback (a)
:%3 and K= ~19.37 (Figure 5.7), it is concluded that for these
%g particular airframes and flight conditions the feedback of
;ﬁ angle-of-attack (a) is more desirable, than the feedback of
EE (q) and (5), because in the achieved inertial acceleration
Eg has been reduced the kinematic and inertial effects,
aé - meeting with this way the requirement of the time constants
FE t%gf and overshoot, denoted in the linear studies.
C; 208
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" ::: E. MINIMIZATION OF KINEMATIC AND INERTIAL COUPLING IN

‘.\;«'- ELLIPTICAL AIRFRAME

::ﬁ Making a comparison in Figure 5.8, which shows the

:%7 kinematic cross-coupling (-p8) into &, in the pitch channel

?ﬁi with feedback pitch angular rate (q) and Figure 5.18 which

fi: shows the -p8 in the modified pitch channel (Figure 5-5)

3§ with feedback the angle-of-attack, it is concluded (Table

éi IV) that the kinematic coupling is increased from

- (-8°.988-5°.877) to (-2°.124-7°.383), when the kinematic

- coupling effects are reduced by the modified pitch channel.
Figure 5.9 shows the inertial coupling (pr) into a in

@ the nonlinear Pitch channel, with feedback the pitch

55 angular rate (q).

é: Figure 5.11 shows the inertial coupling for the

modified Pitch autopilot with feedback the angle of attack

;S (a) (Figure 5.5).

%% Comparing the above figures, it is concluded (Table

tjj IV) that the inertial coupling is increased from

‘ (-1°.692-168°.317) to (-20°.373 - 181°.415), when the

é% inertial coupling effects are reduced by the modified pitch

;js channel discussed in previous section.

Eg Hence, the minimization of the kinematic and inertial

'ff effect does not mean necessarily minimization of the

$ o cross-couplings themselves.
3R
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For minimization of the kinematic and inertial cross

coupling, the same modified nonlinear pitch control law was
used as that of section IV.D (Figure 5.5), except the
acceleration compensator which was removed from the
transmission path of the n, as shown in Figure 5.,12.

For purposes of analysis a CSMP program (Appendix J)
was written, using the following equation for the nonlinear
pitch control law and the same equation for lateral control

law and dynamic models, as in section IV.B and IV.C.

X = - 150X + 150- Mg (IV.B.1-1)
¥ = -6-Y-0.5305 N + O.43-X (IV.B.1-2)
&, = dp, + ¥-532.382x40> (Y-alst.3) (V.D.4-6)
Sp; = -2061.85 -8R, ~ K- 1100.386 X40° (Y-aL[5%.3)  (V.D.4-7)
dpc = 3py - k. 258.43 (Y- als®3) (V.D.4-8)
dp = -183.4-dp + 10395.3 - 8P (IV.B.1-4)

where K = 19,37,

Figure 5.13 shows the minimized kinematic coupling and
Figure 5.14 shows the minimized inertial coupling. Figures
5.13, 5.14 and tabkle IV jllustrate that the minimization of
the kinematic and inertial gcoupling is 264% and 195.26%
respectively from its values in the nonlinear CBTT
autopilot for elliptical airframe. Figure 5.15 shows the
achieved inertial acceleration (nz), with the Pitch channel
modified for minimization of kinematic and inertial

coupling (Figure 5.12). Prom this figure it is concluded
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TABLE IV

KINEMATIC AND INERTIAL CROSS-COUPLING FOR
ELLIPTICAL AIRFRAME

CONDITION INERTIAL (deg/secz) KINEMATIC (deg/secz)

MIN MAX MIN MAX
Elliptical airframe
with cross~
coupling -1.692 168.847 ~0.9881 5.877
(section 1IV.C)

Elliptical ideal
alrframe (section -1.698 167.37 ~2.124 7.383
IV.E)

Elliptical airframe

with modified Pitch

autopilot -20.373 181.415 ~1.88 8.644
K = ~-19.37

{section V.1)

Modified Pitch '
autopilot K = -36.4 -7.263 169,371 -1.956 8.711
(section V.D.)

Modified Pitch

autopilot for -3.8577 57.5322 -f.523 1.363
minimization of

cross couplings

(section V.E)

K = ~19,37

Note: K is the gain of the added compensator in SAS of the
Pitch autopilot.
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that the kinematic and inertial effects (i.e transient in

achieved acceleration response) is increased.

F. MINIMIZATION OF THE KINEMATIC AND INERTIAL

CROSS-COUPLING EFFECTS IN CIRCULAR AIRFRAME

As shown in Figures 4.28, 4.40 and 4.42 the achieved
maneuver acceleration in the circular airframe has very
smooth response, in regards to the overshoot or undershoot
on it.

The effect of the inertial and kinematic
cross-coupling in the nonlinear aerodynamic model is that
the response of the inertial achieved acceleration has a
slowing transient starts at 3.5 seconds, as discussed in
section IV.G. Hence, minimization of the effects means in
the circular airframe improvement of time constant during
the second guidance command.,

1. Stability Augmentation System (SAS) with Feedback

the .

Using the same method for minimization, as in
section V.D, the SAS of the pitch channel for the circular
airframe with feedback q is, as shown in Figure 5.16. The

transfer function of the q/5p is given in section II.C.

The closed-loop transfer function of the above SAS

is:
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(Z2+1) 533 (- 5940888 - C.qgus)
(v (&g +1) (s% 044113+ 4u.33)

)= (V.F.1-1)
k. (Sx+1) (57.5) (-59.0088:5 - 6.9885)
) (G +1) (B +) (S40.0438.5 +4u.33K)
Rearranging equation V.F.l-1, one obtains:
a9z K (2039 .5°+30700.255'+ 2038246 S +23¢72.¥ )
3031-594 7008 S + 3.673- 34 30.39 S +44.33 +K. (-9.024-5% 60.74 3~ C19)

(V.F.1-2)
The poles and zeros of the SAS are: (1)

P,= -188.438; (2) 92'3 = -0.9739%36.657; (3) Py = -9.143;
(4) z, = -6.55 and (5) z, = -9.118. The other two zetos
are at infinity. The root locus of the SAS is shown in
Figure 5.17. The selected value of K is -15.6 and the
dominant roots are Pl'z = -19.73623)7.536 (Pigure 5.17).
With those dominant roots, the response ~° the system has @
equals to 35.086 degrees; ( equals to 9.8i3; <« equals to
7.545 rad/sec and ° equals to 13.125 rad/sec.

2. SAS with Feedback of the a

Fotr minimization of inertial and kinematic effect
in the circular airframe, the same technique was used (i.e
pole-zero cancellation technique) as in section V.D.2 and
the resulted pitch control law with feedback of
angle-of-attack (a), is shown in Figure 5.18.

The transfer function of the added compensator in

the SAS is given by equation V.D.2-2.

2 2 2 (V . D . 2"2 )
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The closed loop transfer function of the referred

before system is given by equation Vv.D.2-3:

(x (1) .[=384:5-6.99 ) ( - 0.039-5 -59.4 )
\ G+ | \-oc9s-594 d;g“ TSH0435+40.33

K- (g +1) 5%3- (-5945- 6.99) (-0.033 5-53.1)

533 (Syqy +1)- (-0.039-5-504) (e +1) (Shous-s+un.33)

(V.D.2-3)

=

1+

where the transfer function a/§_ is given in the

P
section II.C.3, rearranging and minor manipulating the

above -equation, one obtains equation V.D.2-4:

_ k(203884 3070025 s*+ 203827.6 5 + 23672.9)
T 001520 S 14,34 5= 229F SARMY-5- 26304 +k (0.36 S+ S5 WIv3sMe+413)

(V.D.2-4)

The poles and zeros of the modified SAS are,

P, = -1499.623, P, = -188.53, P3,4 = -0.0739%j6.656, Pg
-0.142, 2; = -1499.6, 2, = -6.55, 25 = -@.1182 and all
other zeros at infinity.

The root locus of the system is shown in figure
5.19, it is apparent from above F igure, that for k=-15.6
the dominant roots are the same as those in section V.F.l.

Considering the transmission of acceleration n,
path, as in the elliptical airframe, a compensator was
added in the path, for compensation of the effect in it,
which is created by the added compensator in the SAS, as

shown in Figure 5.260.
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CBTT of Circular airframe P
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3. Measuring of the Minimization in the Kinematic and

2. Inertial Cross-Coupling Effect

§§? A CSMP program (Appendix K) was written using

:?S equations of nonlinear lateral control law (section

. IV.G.2), of the aerodynamic models (section IV.4) and the

E§ following equations of the modified nonlinear pitch control

o law:

:%: a. Acceleration lag Compensator

Ef.; X = -150X + 150 Mz (II.C.4)

?? b. Acceleration Second-Order Compensator (Figure

w,

oo 3.20)

& Vs« (mm+t) (coosms-ad) o oy

o Q’? (n-X) ) S (-§-+i)- (— 50.108- S - 6.9845)

:}3 } Utilizing inverse Laplace transformation and

E%; rearranging the above equation, yields

xS

e Y, +5.133 Y +0.591 Y =.0.02288 (1, - X )- .39 i ~X)- 5 (n-X)

ht

jiL (V.F.3-2)

_{;§ Using state-~space representation referred to in

(Ref. 5: pp 675-678), one obtains:

W, = Wy~ K, -0.02288 (nc-X) (V.F.3-3)
W, = W; - Kp- 34.950 (1 -X) (V.F.3-4)
Wy = ~0.5912- Wy~ 5.418- Wy +- Ky 13.39(me=X) (V.F.3-5)
Yy= W, (V.F.3-6)
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c. Compensator of Actuator in SAS

5
Sec _ k(zm#1)(-59.1088-5-6-989) (v F.3-7)

(Y- ofsr3)  (Sggt)- (-0.0394:5-59.400)

Utilizing, the aforementioned method for state
representation and rearranging the equation V.F.3-7, it
yields:

Op = Opy + % (48306.0838)- (Ya-lst3)  (v.F.3-8)

87, =-24.4%3-8, - 1500 Sp,- x. 7.3 x40 (-aks )X v . F. 3-9)

g?c: 5?., - K. (32.;4:;) (Y3-d.l51.3) (V.F.3-10)
d. Equation of Autuator

(IVCG. 3_8)

8o = -138.4 -Op+ 40795.3.5?c

Selecting the K = -15.6 and KA2= -0.0387
(Figure 4.26) and feedback the pitch angular rate (q), the
achieved inertial acceleration n,, has 11 = -.34 sec, T, =
8.62 sec and overshoot 5% (Figure 4.4, Table III).

This response of the n, is unacceptable
because it doesn't meet the requirement on the time
constant, referred to in Appendix C.

Selecting K = -15.6 and Ky = -0.0387 (figure
5.20) and feedback the angle of attack (a) in the pitch
channel the achieved inertial acceleration n, (Figure 5.21)

has T, = -.35 sec, v = 9.6 sec and overshoot 7%, which is

again unacceptable.
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It is known (Ref. 6) that:

\

T i _ I
~ w,'\’ﬁ-a-g-pnz-A (V.G.3-9)

Hence, in order to reduce the rz it is needed

to increase the C Selecting K = -70.88 and Kp = -0.0387

m °
a

(Figure 5.28) with feedback the angle of attack (a), the
dominant roots of the SAS (Figure 5.18) are Pl,2 =

-906.55%tj87.95 and the characteristics of the system

response are 6 44.16 degrees, [ = 0.79 , w = 87.932

126.212 rad/sec. With that selected k the

rad/sec and v
z decreases from 0.818 (when K= -15.6) to #.72 and ‘the ©
increases from 13.125 rad/sec (when K = -15.6) to 126.212
rad/sec.

Figure 5.22 shows, the achieved inertial
acceleration ng, when K = -70.88, KAZ; -0.9387 and feedback
the (a). The T, = .33 sec, T, = #.48 sec and overshoot
14.33 3. 1t is apparent that the 12 decreases, which is
desirable but the overshoot increases, because the damping
ratio t decreases.

In order to reduce the overshoot and to keep

the time constants below the 8.5 sec, the Kp reduces to

-0.8274 (Figure 5.208) and the gain K P (Figure 4.27) of the

Y
coordination branch in the nonlinear lateral control law
increases from 0.458 to 1.80.

Using Kyp = 1.8 (Figure 4.27) in the

coordination branch in the lateral control law, KA
1
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RRews
(' Ny = -@.P274 in the acceleration compensator and K = -79.88 in
.3 the added compensator in the SAS with feedback the
;z angle-of-attack (a) (Figure 5.20), the obtained achieved

- maneuver acceleration has fl = -,.43 sec, Ty, = -+.37 sec

: overshoot 8.9%, as shown in figure 5.25 and table V.
'EA Using in the pitch channel with the

\\ aforementioned particular compensators, as feedbback the

- rate of angle of attack (a) and making all the above

g selection of Kpr K and KYP' the whole system becomes

N uncontrolable because the required tail incidence angle
exceeds the limits of *1g°.

E: Also using the selections of K, KA, Kyp and
;~ ‘i?b feedback pitch angular rate q (Figures 4.26, 4.27), again
7% the whole system becomes uncontrolable, because the

i required tail incidence angle exceeds the limit of :18°.

' The above analysis illustrates that the

é angle-of-attack is more desirable feedback than the (g) and
,; (a), in the nonlinear pitch control law for these

> particular circular airframe and flight conditions, because
; it reduces the kinematic and inertial coupling effect, such
‘2 that the achieved inertial acceleration (n,) meets the
Fj requirements of the time constants and overshoot, referred
Ez to in the linear studies.
:
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“ - TABLE V -
"

=" CHARACTERISTIC OF THE INERTIAL ACHIEVED ACCELERATION (nz)

- FOR CIRCULAR AIRFRAME j

Zﬁ CONDITION T, (sec) T, (sec) overshoot :
N Ky = 0.0387, K = -15.6  0.35 0.6 7 ;

\ [
~ Ky = #.0387, K = -70.88 9.33 P.48 14.33 !
M

] [
- Kp = 9.0274, K = -15.6 #.435 .51 8.6 1
S~ K, = 8.0274, K = -70.88 i

,3 Kyp= 1 9.43 9.37 8.9 b
? o Note: KA: pitch autopilot acceleration gain in acceleration ]

SO compensator d

Y ‘iby T,: 63 percent time constant of achieved maneuver

z, plane acceleration due to first command )
. Tyt 63 percent time constant of achieved maneuver \

o plane acceleration due to second command

v KY : gain of the coordination branch

> E: gain of the added compensator is the SAS of pitch

autopilot
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(!‘ G. MINIMIZATION OF KINEMATIC AND INERTIAL COUPLING 1IN
CIRCULAR AIRFRAME

;f As in the elliptical airframe comparing the values of
; the inertial and kinematic cross-coupling for the circular
45% airframe, namely, the (P.r) and (-p8), referred to in table
5; VI, it 'is concluded for this particular analysis that as
f' the coupling effects in the nonlinear Pitch autopilot are
A reduced, the cross-couplings themselves are increased.

§§ In order to minimize the cross-couplings, the pitch
3 control law was modified, as shown in Figure 5.26.
EE For purposes of analysis, a CSMP program (Appendix K)
%?' . was written, using the following equations for the
;f ijf? nonlinear modified pitch control law, lateral control law
:§§ and dynamic models, as in sections IV.G and IV.H.

535-’3 1. X = —450X +150 - Mg (II.C.4)

” 2. Wy = wz—kA-o.ozzsx(m-x\ (V.F.3-3)
': 3. Wz = W3~ Ka- 34.850 (M¢-x) (V.F.3-4)
4+ Wa =-0.591 W - 51187 W3 +K4- H3.385 (n-X) (V.F.4-5)
— 5. Ya= Wy (V.F.4-6)
5 6. & = -0443-8p, ~0.34058(%- af513)-22308-(3-aifs3.3)

; (V.F.4-7)
ii which is the equation 1V.G.l-4, except of the

feedback, which is the angle of attack (a) instead of the

pitch angular rate (q).

wrrle PRI

= 7. dp = -183.4 - &p + 40395.3-8pc (1V.G.1-5)
- 238
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a s mA

-t TABLE VI

KINEMATIC AND INERTIAL COUPLING FOR CIRCULAR AIRFRAME

FLPGIVY. 3y P

CONDTION INERTIAL (deg/secz) KINEMATIC (deg/secz)
MIN MAX MIN MAX

Circular airframe K
with cross- ~-9.008 92.794 -1.132 6.812
couplings

(section IV.G)

with cross-

coupling and

faster response -0.08768 188.573 -2.04 0.0353
KA - ‘5.9387:

K" = -15.6

(section V.F)

with cross-

coupling and

faster response -8.2212 183.553 -1.89 2.0436
KA = -,0387,

K = -79.88

(section V.F)

with cross-
R coupling and
v slower response -9.187 118.294 -2.97 2.0387
Q :. K, = -4.0274,
K" = -15.6
(section V.F)

with cross-

coupling and

slower response -8.08743 109.411 -2.32 0.0431
KA = -@3.08274,

K" = -70.88

(Section V.F)

with cross-

coupling

slower tresponse -6.8791 199.841 -0.8662 1.8541
and increased gain

in the coordinated

branch K = 1.0,

Ky = -0.587

K = -73.88

(section V.F)

with cross-

coupling slower

response and

modified piteh -2.264 38.386 -9.08788 -8.6821
control law as

section V.G

Ky = -0.0274

-y
I Y AN

2,
0

NN Note: K., K, I<YP as referred in section V.F and V.G.

e,
s

'
% ':
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Figures 5.27 and 5.28 show the minimized inertial and
kinematic cross-coupling, with feedback the
angle-of-attack, with KA1= -0.0274 and K = -70.88.
Comparing the values of the above minimized inertial and
kinematic coupling, with the values of the kinematic and
inertial coupling when the pitch channel has feedback the
pitch angular rate (g) and Ky = -0.0274, as given in table
Vi, it is concluded that the couplings when the pitch
channel has feedback angle~of-attack (a) and the
aforementioned particular compensator (Fgure 5.26), were
reduced 228.29% for inertial and 190% for kinematic.

Also, comparing the Figure 5.25 which illustrates the
achieved inertial acceleration n, for circular airframe
with minimized coupling effecté and Figure 5.29 illustrated
ny for circular airframe with minimized coupling, it is
concluded that as the coupling reduces, the coupling

effects increases.

H. CONCLUSIONS AND RECOMMENDATIONS

The conclusions that follow are based on a single
representative flight condition (Mach 3.95 and 60 kft |
altitude) and for the particular analysis which was done in
this chapter.

1. Prom the studies in this chapter, it is concluded:

a. Transients in maneuver plane acceleration are
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caused by kinematic and inertial coupling between pitch and
yaw dynamics through missile roll rate. Transients are in
the form of overshoots and undershoots (section V.B).

b. Using as feedback in the nonlinear pitch
channel for both airframes the pitch angular rate (q), the
transients in the maneuver plane exceeds the denoted
requirements and the achieved maneuver acceleration is not
acceptable (sections V.D and V.F).

c. Using as feedback in the nonlinear pitch
channel for both airframe, the angle-of-attack (a) and
modifying suitably the pitch control law (Figure 5.5 and
Figure 5.20), the transients are minimized below the
desired requirement and the achieved inertial acceleration
(nz) is acceptable. (sections V.D and V.F).

d. Using as feedback the rate of angle of attack
(a), the whole system becomes uncontrolable because thec
pitch tail incidence (5p) exceeds the limits. (sections
v.D, V.F).

e. Using as feedback the rate of angle of attack
(a) and modifying suitably the pitch control law (Figure
5.26), the kinematic and inertial coupling are reduced
dramatically, comparing with their values when the used
feedback is the pitch angular rate. (sections V.D, and V.G)

f. Using as feedback the rate of angle of attack

(a), in the modified pitch channel (Figure 5.26) for
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minimization of kinematic and inertial coupling, the whole

system becomes uncontrolable, because the pitch tail
incidence (sp) exceeds the limits. (sections V.E and V.G)

g. Minimizing the inertial and kinematic
cross-coupling effects, the values of kinematic (-p8) and
inertial (pr) coupling increase. (section V.E and V.G)

h. The above conclusions show, that for the
particular airframe, flight conditions and analysis is not
possible to achieve minimization of the kinematic and
inertial cross-coupling effects and simultaneously
minimization of the cross-couplings themselves.

2. Recommendations

Considering the studies of this work and the
conclusions, it is recommended:

a. Further analysis of the minimization of the
kinematic and inertial cross-coupling effects and the
cross-coupling themselves in other airframes, and with
other analysis to achieve simultaneous minimizatien.

b. PFurther analysis of the CBTT autopilots in
other flight conditions for verification of the above

results.
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APPENDIX A

MISSILE SIZING AND MASS PROPERTIES

In order to provide a realistic missile based on the

configuration concepts tested aerodynamically in [Ref. 1},

;
:
d
{

the models have the following characteristics.

Characteristic Circular Elliptical
Length (in) 168 168
Max. Diameter 24
Max. Major axis (in) 41.57
if:& Max, Minor axis (in) 13.86
N Weight (1bs) 2525 2475
2
Iex (slug~£ft“) 49 110
2
lug-£ft 804 790
Iyy (slug 2)
Izz (slug—-£ft®) 810 853
c.g distance from L.E (in) 100.8 1090.8
Reference length d (ft) 2 2
;: Reference area S(ftz) . e
3]
-
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APPENDIX B

NONLINEAR AERODYNAMIC DATA

The aerodynamic data were taken from [Ref. 2]. For
reference, the normal and pitching moment curves at M =
3.95 have been produced in fig. B.l and B.2 for the two

configurations in [Ref. 2]. The aerodynamic derivativies

Cc C C

nt Cyr with respect to sideslip angle g, yaw control

Y’

sy, and roll control §g are presented in figures B.3, B.4

and B.5 of [Ref. 2] as used in the computer simulation,
namely, as piece wise linear segments for ease in

interpolation.
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NN APPENDIX C

N A

REQUIREMENTS FOR UNCOUPLED AUTOPILOTS

3 sommec L

The requirements for the classical design technique of

the uncoupled autopilots are given in [Ref. 2] and are the

- following: :
E! l. Acceleration time response !
E: a. 63 percent time constant of 6.5 seconds for a ;
ii step command of acceleration at the flight condition of

interest, (i.e M = 3.95 and altitude 68kft) and small

angles-of-attack. This response is representative of a

tactical missile of this size.

b. Overshoot 19 percent

c. Zero steady state error in acceleration to

reduce variations of guidance navigation gain.

2. Relative stability

Gain margins 6db, phase margins 30 deg with a
goal of 12 db and 50 deg.

3. High Frequency Attenuation in Actuator Command

Branch

It must be ) 15 db at 1606 rad/sec and zero

Ff angle-of-attack. This requirement will provide sufficient

E; high frequency attenuation for 3¢ Hz actuator and for body :
Ei bending modes, when high frequency filters are added. This .
‘:; -3Eil requirement also limits autopilot speeds of response. 3
E;;: 249 :
. i
" 1
- 3
- \




.‘..~‘

Jal Al L

*
»
t )

* 3 *
»* *
* % = guul
* WE¥ - x>
* * v [}
* ZI% w Ot
[ g (@) %* » w N D=
o ] * Zx¥ 9 Qa P
- (%] ¥* k3 - - Q. Q + K
bt N #* <UL o o * ~
a. < * * (=) < #* ) *O
R o ¥ Tk 2~ « w W —
- Ly (S * * L 4% hd ® faal Mo
u:'." > - ¥ O—F  Tw ® ¢ in e
< - * * =4 w ™~ [} [}alyY]
] 3 L% D=~ O 3 [ ol
a. # Q % D~ 2 Lol -t e
(=] Q * * w—~<g + ' Ia wn
3] o ¥ Wy Z22NAQT N N N2 =]
- * * OQNaE x ~ >4t 4
a 7.} # AR —tres () X 7D 3 *~ ~— o
2 — * * |l et Sl ] [l (3]~ E Xu)
= B | ) ®¥ OIY <<t [} 10 o0 n
(&) bt * % QX ~ il w Wi t N
X Z x ¥ DO VNaQ VL N N omy) o |
- D - » * WAJIJWZZ oA 0O XDV w
Q - * QLR LWL ~_0 it ) DN o
< I [ * ¥ OULVLCOQ R QA o em) o} Lang
w o Land @ V¥ GOVt PIFOREXKNON -~ D
o - -4 » #* =dg QOO T eI+ I ZrX Lo |
Q -t # Z—p o xZ2 =t OO () b e ) eusm () e i oy oy coig e ““C: -
< o @~ * ¥ Ldd T QO | | NN | bt e O
N Q % DV > D—‘—‘I-IJ—IVZNUK\DDDDO—ODU‘-U\
-4 - < g * TEDddd X+ N =i | QOQQJOQA AN
Q g w # WL N#AOE Of NOW=NA. ~NOQ=NOQ o
e o W O # LR WOWZeT? MOLIGVUKI- 0% O XILINNLII® = o (V)
N » * » LAY SNSMUCIL, & & & & &) & *OU Q.=
4 D # OO ONINT=IN | N4+ 1 O0000 =00 «O0 OOX
) -0 B # WVWIXTIII ¢ oM ¢OMXMN=O ¢ 0 0 ¢ 00 ¢ ONE o=
z SOA0RE FUPd ZOUOVLOVOLON ¢OM sk o> ¢ FOOTO0 OO smindNUI=
- ¢ m>x N # OtV 0 T O O M rar e Qe T —Z2F O
(. 4 OOAFTWOR = # sartrmrtrmtoml | F=NFN IO |+ J AL+ & v
4] DETLJIO# * i-n.a.n.n.n.u.lN 1IN =) [ 4- 4. - 4- 1. 4. 20 L L L ] -
E 3 a * [ el | > QQQQQGQQO—NI‘.XX >
- NJIQ I Z ¥ o0 * Zoo oo o0 00 mnu wuwnn [] IH— o P o o = ( ) —>
- Q. — ) i LS » g o aad o andandl Lt gl = 2444.0-4.:—- l =)
o -II N * Ll-t.) Il LOIUOQUQFOQO *"trtmpmm Zrey || WOLAWS
) Q. DW= oW = ®  WNNeO=>»OQOLORROIAMRW 110 100X L)
. a (We uSTH L ) ® QLLLXKOQQNNQ=NQ™ONQ =IO, =N §| =t N O S
3 (2] -l e oR » ZXXKQANNXI»> 0 XXONNXI=I>QL~X A DA
A (&) - XO.X4$ »*
“ A S N X ®
E' W NN RN RH
- e
E: ‘-f\',\
- ---.l".‘

]y
L8
N
(8]
O

s




Aol )_'J]

R T Al

T Ty

AR

--\l IS L-luho.

8. a8
s nte % b
]

-

-
)
é
«/
garaN3
doL S
gN3
107d4AX _399d
dO0*3nWll 1°d119
10TIdAX 3Dvd
IN'3NIL INdLIND
. re
AT
QWNF- Ix
.
SIS ADAIIENS - SRDRERRIEN 4 L SN AR BRI




) e
Y
;',
Y
o
A
T
3+ % % % ¥
- * #*
i #*  <JUI®
e : ng
AN [}
s » L d e
- * Zg# °
S * »
. *» Z2xh -~
= » » <
» qCU® - w
»* * (7] [« « 28
* T¥H W e
. - w @ o
. O O a O o\
* » - Q » *
* <% - %* @ D
8] ® O ® o T N ~N#
" » * Z> =0 2~
{3@ ] » Wy <nN < nr *Q
L . n * # XTwW - ~ o me
. < * S<H - XTw o = (o)
- -4 #* % QUO= A n @ w |
u 5] * AU Vel Z ~ © X P
3. - » D ZZNOX N N QONQ
. 7] » WONAXE X NO#T oR n
- "t #* Q=% QX0 # % O OO (=
1 7] * LI ] e ] M O MNomMN °
"~ * La# < I 1O+ @ o
o L * » ataruaiul W oW e )~ ]
L - ®* ZePNg<g QU & FAONND=T -
e - * » W JWZZ O CRSZH | w
- - # DI JUUI~UIL ® o FmiH ON - Q
L, - » # VUULTO POAW erym | X —
- - * a*<us¢mm PO | e an e o - Q a
oo -t # I #=< L =446 40O % LI W b=t Qo
-, L] » W ELE QA T*PONP=OTFOIMNOUOOUIII o) &
~N O % O i(dJ(m— Qi | =+ g | | OODOQMEA.O.IN
. S &% e N
- [
- o w 3 2m§§amd—waom*xo e eSS tan~ N o
o N » » ~o*ouoz<<ooﬁoneﬁm-.ooooo--.mnonx z o
> - ~ »* # LPr = 6~4DND SOUNMT 0 0 8 ¢ )OOONRE co o o
- Oe #*TOUR OTNUVND ¢ | DDVIOOO0 ¢ o omwmn--m-ua-
N DLW R WLLLddd | *F 0DWI NN P wr ot L D B Bald
> ax 9 pw W LI NI NNVl N | P ad eded el PO B L © O St ed ™0l
A (= {17721 I =t e L) X N § =4O ¢¢¢¢¢dedmddhmhmhm
= DTLIOS % st rmet=teemte 1em Qmuugxgh~uxx > e
(] viag » #=Q.0.0.0.0.V20 § U8 T ol o o hxhx
= NVAVZR ™ »z o b= § D ‘AZZZhhmcxm;J 2 2
I e Lownd 3 W vt 00 00 Jea oo § bepm ) et Z22Z ) YOZawlowaw Q.
- PdQOQ VIR N W uuggggaoou uuuuu~~ou£z~hohwhano
> DU e W WIN Nt I N (Nt NG 30O =~NeiNA § § A NI DI DD ZI~D
kY WX LI - B OLLXOQALECRKINNCOXIE  HICNND X 0 L L h IO DA DO WNC)
e, - e e » S
. - X0 X% » o
A aa A » F 3
b NN R TL
R 2%
= ~
.'.' "‘-.'.-\‘
o SN

252

OV AN L g -\."-."' et

.\. -:'--;' ‘e



A1

oy A
. -:.J.'

253

bt

B

LN

Yy

X

s

B MELCRIELEG LGS A OO AR S SN A A A A St A (o Ag i ATt S R o 010 e o i\ e Jote S =R i oo |
L
[
[ ]
* % % 3¢ L
* * D
»* ¥ Q
* * *
+* * ™~
* * O
- » (3]
* St e
» % ~N
* WX +
* % -t
#®* L<Lx ~N
* +* -~
®* Zaxw *
® - , 0
[ # ILE v >= .
D + % W [ ot
- < 4 Toa¥% W »* +
- n » x O [ I P
Q W * Q¥ - *
Q v * - W » "3
| < % < Q Q S - |
2 - #*» 23 ¥ Z~< - U (& P
< & ) * <N o D >= %
- #* Wah® Tlw . . 2w
[ ] - & =u M o~ t ™
w n * g% 00 ~ 0 >=
-4 — * ¥ O-Z Q O N e
a (7] * Q% il | | #* QO )
2 —y * * 2ZT0OwV NN [k ] (o]
Q I # D% QOFL\ »x N V= .
w - * # QX O * % = Q
=z - X OO¥ FEe=Q-g M M O e "
x 2 ol L ) » g - 3 1 ] >N =~ -
Lo -~ % DI X XU~ W W Qe e o
Q = - * YU IOD M>=M #=PX o
Z < ~ # LR AddLAZZW MO TNO+ - -
w > — * % QWWILIWL b= AR o gyeomemenimen b >
a ~N ¥ DLFgLLOOA oM o Ot O wriom b fm o fum o ) o
Qa o - [= 2 Bttt Dmed | =t DOMNMR OO0 O
< O = = : LIV aQunuwn == | NAQQAQQ0V -
U Q us B ZZ * | T + PN =N =t D= = O~ [Ta
Ny w » B P ded A et Tt UK 03I NNLY I (D o~
wv - » * QWO+ <«|a4 UK UIN () S P B & ® e ® ey .
X o 0 * FUEE JADOMNE % ># P $O0000000MIDMet > >
< Q¢ $ee>ULRQUAL==) ¢ siINANINQT SN 0 0 08 00 o>AQIX 2 Q
[+ 4 >Qo*: » ED<<Z°~OMNM’{; =200 Q000ON e &« « o
O @x 0N w » Z =t et () ()t (V= P T ) e =P tanss e aag ) D= w et L L o L
o (o]-% iiTal *2 Al o) 2O o> Jiddd=—d I TZZTOXOXO
ot aza::c*_: *033333‘"“““”‘“"' ozmxgn:a:zq:& - -Z--..I'-*.J'-‘:
|y [tatanla’ Lo I .-a.-o.-.o-n.t-n.
o V)Uﬂ.UZtl— 30—’:-’)-;‘0 N ! 1] ! Qol—aeggﬂnxx =
Q. - ) e I - HHNHS e ZZELZTLE™ O-KO-K'-K
» X XD N e W Z 00000000 00 || pupmipmperdpn (O rertEivtOmetNWECD O D
LY ("2 Dl % L Dend & WWOUNLIEeO "N OZuwawliuo.uw
(%) I LIV I = Bl O HUVQOII N IIT W H QN LRI~
&. ) e R W U)o Om3m o et e emd (N e (NI Do Dm (Q D= =d\JediOND= Do dedm= I Iq O]
~ - XO.XX% ¥ QZZ2QAXZIXXNNIZO»O XXNNO>QZxA OO a0
NN NI N »
b NN NERRTRERRRR N







LA

[/ e SR

]

.'."'.vs' W
222 P

v,
Ay 5
a

»

I

R

-

A}
.

.
‘et
R AN

<o,

-~ . - -
.

AR R

AL LI N

o

*
ANNEL :
RAME *
PRI TI R 2 2

52 5X k2% %

IJ

C
A

1

A

A UNCCUPLED
o ELLIPT
SRR ISRR AL ERNR SRR A EE S SRR EF S S S &

120792111 )4*EE 3472 LAB2'CLASE=C
RSP S R IRE S REBIEX SRR RSB SIRR P IRE S SER S R4S K45

(
0

WX LIVIN -
—tll o) o
- XA, X%
wNNIuh
Nt RSN N

-
o= -
Q
- » > g
w LA = | z
w ) | -
us Ww ™~ D 4
9 g ™ QX
- N~ * 4+
- W O empPedw
o =~ Q (]  (Imiwe
L N <« 0 O »in®
g W 0 N ZoDo
T W w N = | O
£ 9 * | =t
Qe O N N »eQ
DO < X N Qe
W =< % % $N-= n
ZNZQE ) N Peseds Q
WUNO4IX e X~ .
— O Q) W WO % Q
[l el 2 M MO\ ert ]
<< ) OO0 N -l
[ = ATT]TT M (Ve =4OV 1Y ]
q AV ¢ o3® ® o - Q
NdWJIZ 2 20 ) eed(A® [ -
sl (8 iala] 1% | @uede | topmimpmp= ) [
DLt Ined (et ¢ NOOOOQ =L -
T< I29 SEiviiTIORocORRy ]
o
Qo wd L d o= -‘P“'NQI‘J—*KXNNQB [ “:-4

QAL At B NJ D & ® & o SO IIMX > =

FPEDLE A JONHO = FNDUORO00 » s = & Q
It @ O of*> ¢ SOOW ¢ ¢ ¢ ¢ OOV = =3 WY - -

Ushad Zd Q QUIUY SN SMIIY MJICIIOND 0 PUN Jo Jotng 2. ™ U1 WP~

W ZUE ot \OWOW ¢ Wwwewwr e wOad 0Z LI " JA SR

Alvrd | im0 $ ddadad A wllrt & o= gl

ZEZEEBEZUWNING] | # AL IS ettt Oplhi~Q.

wWgqaAgar->xX ~N $H OUOUNELEv4X XL, > > >

I I PIN NN NN ettt (LN [ {0 { b 4

ot W) ol o s = L2ZZZ e L= 2

»t 09 00 20 0 00 ' QOQOQD-.-S EH—"-“-OZ (] QZITI&UJEW&W Q.

- {8 ) LUA0AQAQATU HHI A=Y Z=Ti=Ol=O~000mD

B0 et JO Jw vt D0 et (IO I I RQ UL DA IUNIVULrL)

mszQQZXXNNQ)-Q XKNNQ>QZ¢Q-O-DG.QG-QQ.WW3

(o} 2%

'Y X X 2 X [TTAN

255

e, - .... <

\d DI Y T
2% ¥Wa e 2laa .



re

3% 9% % % *
* *
* *
* S
% *
* WER® 2
* % .
* L4 Q
* ®* L 4
* Zcxe 1]
* > -~
- - * U > ot
> . * L ] - »
- - (8] ¥ T W - -\
e o ] * *F = -4 a >
o - wn % O « ) 1 ~
Y] - wn * » o = x %
S a < * ap W . - "
.- fus - *» QO # « 9 % -~
.' | [ » Pt [} [Ta T ]
o D - * Wy <« ~a N -~
< - % » 240 L
a. * JI<g g s O
o Q » < xXQ Qo Q
u - * aJde J - - -
- > Q - X
Q. V] * DDt O ~ Qe (&) - | ')
2 - * ¥ X O ZN (-4 Q = o
2 [7e ] *» OOV =- W ~gll aQ 20 *
(=] w * 4 W U ~QEN L3 a QO =]
w £ x » LR - DILE » ™ |- "
- - * # WOO wWowouos . [ -l
x - ¥ ZroPh WA Qwwun N QW » w
~ - * * XL - N UdE=m o
Q L # DUE Viesw W X % #xXOwW L and
Z W -t * » W WY X & QYwom -2
W o -t * # <0 DZZ o s o *% 0.0 - -00
o v~ O ¥ X# DZW~ZWUIM N @ Mpm [ —r) o
a «x ~N Z » # CAI=-OWDO0OH o M =t Netomem GO m
< Q - W % O =TSO Q ~ +UD o= Q=N
'S [ g « # % LTXXL™OV & # + LOOOOXOO~O ommc
o * Ukt AU ~WULLO T X TOWVLLOLLILQX *XX » W
) N 0 B #* FUE LSrrsuy O W W SR eX e a) )| LI -
x -t n % o # b S O J % D oD aeD e oo g
B L4 - e R % LilJIW _dmia) F NOFROO OO0 OXXU. & o
| -4 >00% ¥ » Od:dqm~u01 o i\t o 0D 8 O] Sllibwilfjue
T ) x » QOO Iy ¢ O | + XINOO IO~ s XTUTO
-~ Q o ZTWO¥ * ZZ2ZZQ~r o* W XDt retvrnw o IO ZU, D30 dres )
Fi o ‘9!‘:0*-} % OgqCd) ac-r R B0 | DIL L dLO™ & o= =0,
a % — 0. NN [ 4 Ol.aa >
[ N Z %™ 1 hadade~wa '\0 'ng&”%opz hxh§
AR a. - ) ®* DW= Qe [N ol o4 Y -T2 VT] i R
kf x ANJ NP e ® LOUVO0QXALTVNH NN I QZZ~ZZ = || WOZO.Wa.
et v) P id P O L. 1L - TR LR o W N T I T e TR T T T R L e ey Y
o 9 (W E NNV ¥ " Lo XU N VIILIEWWOUVU N | X)) =X )] a9l
e - e e ® WO e XA XAV ALY~ AL X > X I=~EA A Ja it
L - IO N # OWAULOOOAWLMMLOLN XD
Do NN N »
:. WU NJRERRER RERARER
e IS
o e
..\ . .\\‘.\-
< "f.:_*.'
Aoy 256
.
Y

;
4

PR . . o B I S . - . N -
) ./._..';-‘ . BRI TN '. - - -.'._‘. T T
A.A_l-.-n.--r-l"" -t -F ") .f:'. l‘;/L At ‘_'\" at ‘.-._' RN OO

.-t e - om -

28 0 2 2

Bk



k- $ A

AN .n‘

N
A AN

P .
4‘. -
-
M.

PR YL "N

LR - §

P’
C
€

(ol ™
L4 b ]

3
™,

C

Bl
A

-
a
\
/




o l ‘.I / -‘ .l‘

)

s

. %% 3 %%
- - SN 1
" * » .
* JITH -
s » » o i
- *  usec * 3
- » Q -y .
< » ZxH -t 4 -
» -t b3 N
N » QW » ) o
. » x >
.. * g W * ~ .
. » x - % -
N (¥ ®* Lee 9 - - 0 .
- " » * o ™ a @® K
. v * O<H WU o L 3
- . 7] » #* o o X . K
. IR < » - [ - N .
- * Qi = = » O
{ @ o » " S
‘ : - » W I -~Cr n -~
U - » 4 Qa = =
- . » ORI < « O
. Q » - [V 48] o aQ
: b= * e = - " Uy
o * » o =] -~ X
- v ® Ot ™ -~ Qe (%] - wn
. ~ » *» d O ZN o Q = o
7 * oo 4 w g | Q Q 9 .
w » » W Vv =0QXA » aQa Qo Q
) I * Qe - OdE - () t o= “
o - * # W00 wWlo . -
g - * Zuh OgE QLN e O » uy
. « * » L - 0 QP m [&]
29 - ® DA Ve WS X # #XO0O0 e
5 - » » W mgud X O =
- Lan ] - -y
3] - * wH - QZZ e ¢ pa® o
) ~ O ® J # WZWaZWUMN % @0 ~ORQ -O-
* ~N Z » <C<~-QUIOQY « @ ~|Nm~~o-cum (-4
N W % XY EEvEaOue B T dmeInRZReaEN
: s - o) [ o] [ ]
Q : UD: 55 ~u4¥o & % #FNOO$ X ot Q U
'\ N B » SOX 2wy O O OM QAL X =O N € -
" (o) W % LR < QO 4 # QL oD » o ¢ XX Q
. - e #e S JRETHTT TV R W P Py e OEO00 OO OLEX = o
. Dt I® T A= ) a0 Y ON UVl @ I 0 VY mer Ol LT
. WX ¥ #w » OV AGT oL u.nm 1| ¢+ XNOVUSVOw. Y= & a2 AL
: oaTwan N ZZZ2ZA= OR D Xk o o O Z U et )
nq ﬁﬁxdﬁid % OQgoC~ O~y ﬁh**@ldd&Jd&Qﬂttﬁ&h&
= Qg * AW ® | DU EOLEOULOO0 >
¢ VLAVZ R r : 1=l d b d A= ICE ~t1 nwm;wuwz FKPK
‘ ~ e —ddd IO U ol el ey L= 4 2D
A SuG MR~ 3 230332220 Th&w W A= ZEE N0z 2waw o
) DU =D R ® =LAt 9L o= (Tt Qe | it (| QX D= O~ OO0
5 WX IV * Wee PAUE NIJQZEOULOWUN N | ~EmmdE DN DI~
K il o) o * W e e XX IV XX QXA UAOX> XA Q. 0O Oa =
. - XOa. X% # AuauwLdQOAuLALODX XD a
Pa NI, ¢ » Z#
E NN NN NN s~
,
N,
:J 258
[ 34
<,
e - "'$G¥\“arﬁtqv3g-.xx' T AT e Y e e e e R,
MOV R SO NN R A A N A A A R N e e T e T

_____

N
|
]
~
-
«




TV STavAy

(o))
(=]
* ¥ NN [- el
* * - ®
% I * Q000 .
* Y8 3 ol o .
* = ® QO O .
* " 0o -
» I * Fq-e]..)
* L¢3 Q- il
B - ® ZOUN —
+# x#* QD »N [aa]
e ) % = ® Lo Lo .
- * W Nt & ~
) # QO ® DO n
-l * -4 4 Q e e ~
— # O # Z=13] g
Q. * it oI N Q
Q % = 3 [ s ) Q
[ aad (8] % L-¢ ] ney Q -
2 i * D X > # M
< w * * -— Qe e
%) * <xH L 2 _— o« <P~
= < * * (2] < NUUO # 0
[ —~d * % [F¥] x gL o= D DO~
m W * - 3 i ~ [ Ao Ta LaV T ] na
Q - * pt ‘9 ~ NN N &%
- * = had ] 200U oll)
o [% ] * D% - Z -~ Qe s an O Ogw
9D <« L # @ # Q =g L ZDO200N > | %
w e »* (&1 ZW OF W <t ! QO Mmma
xX 2 u * O * QU WE N =E D= T % o\
— P = % v L =N QO DEQ N S~ M ~rm
QO - * * =0 QOO W D= =it e N\ oo
Z - » r—gp <y Qu QU o ° ™ NOM~O
w - % O£ * K=~ ~ «ZMO > uy ) N
a Q b * O% e D )~ WO NI ~NOQ ¥ OMNM#w
[- S S -~ Q. ® Q ¥ VI WLZ OT *n) N X T Q 0
< ~ N * # WWUWoWWD OZ o0 o1 et 3= 3 o (¥t~ s o
[72) -~ O O # WaEH HFOFEOOZUWW~ZUIO~IN « SOy > 1V +nOh~
z N ® Z » # DDOUCU =S ~OWIO 1 OND NZ~ Z © =N\DO=
< o = W # 20 CLLIJOOZTCICDIY O o WOS ¥ ~ Qol—+
o N~ o W * * - OZZX XX =NI «O QO fPUW OX + Q++d
D QO - N ™o LudLrr=o) ~OL0O 1 OV QLR TPt >N
w v a2y » % <«_aq WX L N LN GG KO (LW
[« 4 -~ > 0 P % DXL add « = ODNEX XNRX QO RHRHXR o
- - D e % »* DA el I JmiD QX % X UM T ONINTN
>A.Q0%* # % LWOOALID J-d= 2. I4=~0O QOQR O o * oM ot
Q OXZ It R #* OZZAr~r=OOV=ITIO S Btk ZIMN e P=MD T W §
x Qa n xwae * <n ZZZ <~ ONOIMNOIR W= oD+ o DX
%) HTOXL IO * 22X u.l33<<<t- - 4-4- 4.2 L IR TLuE Yol N T b ol Lt ]
(W g : t O< QIg WIWDWA Wmht-m s <N | a-\ [ ]
NWOUA OZ% ™ 4—"')'-!-.]—)—]-"—0-0—0—“4* D=l M= I > N il []
] = (/) bt o * "— Pad 4} -t d e S QWL U WDV Q | - n
wDZL) VIR % oo N OJUUOXEZTZEZZIVIR U IR0 =00 =)
bl 4t L P ® &L v XKLL QA QUG =) -
WX QAW IVIe % - == e UGN # WU I VOLUW Qu
IR, o) o # LZLXODQQU X EAICIOV>»>=—~QNOTMIQ>0> X
. - HXAXE » W Lalooo ol Zsxwa wusauw.or-un Qx
L® &% . N NN W N » D
1 /K . MUY MR RRE AR AT RN
NI e
.t\'_- .::.'_\.',
r‘ .-. ..‘. \-
NS <
"‘\‘:\' 259
I'A_:‘\.
\:-‘
AR
oW

:
g e e o Oy NI A o SN S A

AT



S N N L L T s S R N T T AT v v Ty vy

o _.l‘_ n“ {'l'

-

~PDOT/57¢3)40.,755%(X-P/57.3)

X1DOT ) +15%(Y1-X1)

o~ oy

E=3%(xLOT
PDOT/517.3
S (Y1CO0T-

e
[l Xy —b = =~QO0
OV O b pom oo O LI Qb= 0 D= 0L
(IS L JO WIS . o L )
O *ULNILIILILII L) = &
NOXAZLULM » > o *0Q0
e e 0O *O O 0 - W
et B QOO0 o ¢O 6O OO wiud -
b2 LI N o o BN o JELS Ll = Z XUl
## ~QOO00w =QwOw._Jd = QX O
VO | s | i v J LU UL Z tp =t )
(| JJ—IJ%M#%-‘&QQ » e E Q-0
[N-A-4-3-AL]10] O r=rF~mau. > =
"= IO O~ L £ b= 2 p= 3¢
e (e e e T Z e FZ U P I D D
WL L LI =l ) | QLWL WAW A
DIt rmtrt |) ) ==t || = )} IO LXK =t OO

- o]

M=3,259CUTLEL=0.05

et OF 1) ) I QL™ ) et () e L QL) DL DL =)

> oQr>XXO0Quar-¥Ooo.oauwnn
LR
W™~

260




€30

NOSE, S

»
#*
. d
*
*
*
*
»
*
*»
*
»
L
*
»*
(S ] »
H »
[, ] *
[% ] »
< »
- »
Q *
- *
- *
(72 ] »
-y »
(] »
w »
p = »
[ od »
- *
- *»
- »
- Q »
-~ %
- W Q9
N @ & »
o - W *
S 3 “%
N E#y
- > N »
- DI e ¥

(WE X {-N&Iv, L ¥
—WE ed o
R {-% {
NN WIS R

MWW NS R

%
*
*
E

AUTCP ILCTS
I CAL
Al FRAME

ISR ISR SRR RIS RS RESRRSSRLE S RS SRS RER R LS RS 22 R L 2

I~
o4
23 -
D O (]
D e °
(o} No =
[ n
i~ ~
QO H Q -
<IN . | o~
DI . »
® oty [ ~ [ ]
O o % -t
n—-o N D=
QO e YUY
e ol - ~ %
QOO [\ e U
it . o 0
~N [ * [
nan n - N
- Q>0 ~ ® 9
- o ~DefT) = g ] e &
7] < QVL0Q Q [ i
w [+ 4 < o o= Q [T 9 T
uw ~ i =y il a -~ ~ 9
(4] ~e=tON | L # - a
- Q QMQ = W e Q -
- <l - Q «O =N Q a0 QO X
O - O ZQ ovn > 1w a ot
2W OX W << ouns Q MNQ | b=
OV WE V) == | - * A =MQ
N QU QX e~ M fem Q Q
=0 wQOO WO lwt o e WNIW e Qf=rd
<l W QUUO> «Q M NAMQX N D
AU L] v «QM | o= AR BRI N
W (I IS e WXL ¢ W ~NQ * OMINRR—"
nd wZZ [TTIS 2 8 7, L= 4 ~N# X <+ QP 0MmOuw
Wi oW Z e - n laladal o i~ 0 ¢ QN
I IO Z e SO NO e i) > @ SR ™WA.-T
DI r= <= QIO § (NN @ NZ™~ Z D FeN\O=-MeO
<<KJUUZ<;Q~¥OQO wum ct;l" :;gf—::_ma [T
Lon ] - e ol
Box2REGEEI2S330 AW F¥ FSIENNSIS
LI D Zred ¥ N8 QOO0 XX QOUwwDOO WO
Pk ded X = QK RO R Qi HOHH# NOQalQ
B IAq iU DR Hp V) JO POVTODODTE LD =

U/ (IR Quddd =ttt | L™ LISLIT D0 9 Y 9t O
2 L =) I IS CEI g Z\ICVF P MWMI W | J=XU) ¢

< Z2ZZ<)~ ONUIMNON LD ¢+ ¢ 0WVX It # O
P 4= u33<<<l- XL, wwrd .¢m+n\v~-o>-o¢-4* m~o |~

Uks0oa<g UM Q. WERIM=0 oM AN | ¥ LN —d
N><~>P_J-J_l-.l-ll-l-l-t—l-u* >INZ™ 2= ™ \f || { W

d —d d QWL W=D QNN Q0.A. 1 | HooHN=
~u un Qoogzzz:wﬁﬁu*u*JNnhuo Ll K andand™ Lo
E v QEAZL LA QUOFALFEOFD OFQ0OQZ
g Do D e COXEXZE N N HLDION NQULULULYW O0LOWU™

LZ2CO0QUV v X C<I<IIIO>»=~QNQTMNQAO XQmmtd |
w wadk.Qoad oo l.2WXWaunlduwL o> OX>» X000,

Q
22 22 2 X XX K X

261




QOOOoOO>»QX -
QLU0 = = o *Q0
- e O *O % H >

LI © 0L W QW p RFV ] -
00 Q0 0w (a8l o
OO w OOl = OX0O

et ad GO AT d DD & ot Q0.

QL QL AL DD LD L D= =T DU ; >
OO O O=ZZ =34

e ZZ L Z -t D DD

D2Z 22w ) ) OZ W0 WAL a.@
—ttgemt i = W et Y WO EEOFOQUU
HUNRE> Wt 4>~ IDIIDILIZ~T
LD > >X XA ~Oa 00 W)

")
(=]
| ]
Qo
H
-d
W
- (o]
- -
—r = =Q0 o
e aorarang 0
oo Eanns  ~
[ ]
Mo

-w v
&,

2%
Wi
low s
D_'J
‘l:')
262
"l
D]
v,
LI
Y
L'.-
LS - - I T T T P S
> * - . R R R A A AN AR

- EARARICRL AR WX WL R E G

L e et AU C A A AP A AR DN AT |

4
1

TOPRPT T WOr o e




APPENOIX H
CSMP PFOGRAMS FCR NONL INEAR CBTT AUTUPILCTS OF ELLIPTICAL AIRFRAME

. l‘l .

PN
PN

e hS
£ 0 N
- . -- .-

.

9

R

%"

1Q

.

.
DR W Ay

A
?s"a
E

N AN

AR
LI
Faa

* o
»*
*
*
#*
»
*
»*
*
»
*
*
»
*
»
*
(L] »
i *
(7] *
v *
< *
-4 »*
9 *
- *
- ®*
* *
Q »
Q *
Land *
»
v »
St *
A *
W *
=4 *
- *
- »*
e *
- N »
-t O %*
- g *
N - ®»
- e W
~ - 3 R
Q a »
™M >8u w
O U v &
- a0 e »
b r4=1-2 X }
ax i "
QA ITWAOR
VEXX.IJOR
O«

-dlIr) VI
e VR L OS] o L
I KA LIVIR
[]VY] ol °®
- B XaX%
NN N N

S O SRV AR L

U
[~ 4
<

|
|
|
!
|
|
!
|
)
|
1
[
!
)
|
{
|
|
'
1
!
|
'
|
!
!
t
|
!
{
|
|
|
|
|
!
|
!
'
|
!
!
!
|
!
]
|
!
!
|
]
|
|
}
}
|
i
|
(
L}
|
|
!
'

%
&

R AME

I RF

AUTCPILOTS *
vy

T
Bk ok ok b ook gk ook ok koo ok o ok ok o ok e ciak o ok R okok Rokok Rokkok b Rk ok R bk kR k Bk Rk bk

T
I C

8
T

C
P

EL LI

NEAR
CF VARIABLES OF NONLINEAR CBTT AUTCPILCT FOR ELLIP.

OEFINITIONS

*
&

m-

L *? 1% )
~ UL
VIO WS
Wi~ D
WD -
D Z
- O

T Z
abro
zt-.<i—l
<=L =
b=t - ¢ ¢
EX
owg
Dt

WOW _— o~
2090 (SRR |
oV L)
e PO L4 VOV
- X N U™,
L IE (L1710 ]
IS (TR TS
<SEIT~ QUAQ

)

MMANDE (RAD)
ND (RAD)
AND (RAD)

DEG
CO

EG)
MA

G)
M

{
CE
(D
CCM
DE
co

X ZED il W ~
woy U~ O QUi W
OZTZOOW~— ZOOOWO

O O willl Wee—ZZOZ
g2 O<CWr-OUVOLWWZW
Ot LY, X LI~ Z00WD
OO L LIt (Y o=t
e S QUL =wZ OO
ZAaO0O0Oa o - JZZOZ
X WL e L
e KN Q QDN ) ] —
Z e OAdDddmtb—dd
il ol A Z OO e e
T | O~ O2Z2Z LTI <~g
VE>r> d ZYCCAI I A
=W a I L
=ZO0LUI0 UdJOe X
e U >0

e e EUIQAL LA g
s eo (Y oo

W Wit es seso v0 se ot ne o) (JeviY
PPN = Q=
LZZZCANJIZAULLLOAQVLLIOO

HREEAERRREERRRRRRR

263

D=2.0,h=2475.0

“'4.0'00012,1 ‘4.01-0001)'.‘ 10.0,"0.027, []

FUMCTIUNS OF CERIVATIVES

FUNCTION CLB

*
*




Cat gy W T T W, ¢ -

MR ALY

WL, T, - L MARACRA SN i i APl S S B o Ml S g
.
[ ]
e o
o
e &
[ ] L] [ ] -
. . . . LI ° (Y on
o L] . . e [ ] L3 oo [} . 0 e o O
[ [ ° ) [] [ ] L N L B [ ] * o WP
Y . - - L N L 3 [ [e 3N}
- G oy, oo @ [ ] - - e FO
- ® e MmUYy w8 O - o & em e emem [}
o emem P NN\et QU ¢ U] == —n Om M O e
T SN0 000 NN ~l e VN =~ NO N~N | O
N D e Ote NO®WNOOF Mo O DO O =
QO 000 DO O e mNO & Mg O LY oD MDD
L] LA | Qfl - s OINM & LI o Qwmi O = (8N
QO OO = | &0 O eOO0 ¢ DO -~ - - [ o) Ko
- [~} O o MO 0 O -~ e ® 0 OW O¢ w e
Q et O ar Qe O OO OO L4 (i) S
e OQO (=i =il d *N AN O PN ~iN
Q ¢ ord TN & FN ) n® Fow T w (N ww NO
et PO wwerenm W\ 'Mem e B Sy - e AlY
- o\ ® - o ® o QNN S e, e emay (e
- G e N el NN SN emiN =Q N ON He]
_—— et FNVNNET OO ¢ OF O ND Oe OI
PO OQIFOmtrtGNN s & | M O ¢ (Neo 0N\ Y] | o
Ot 20 e QOOQO~NO=~m ;e oy o) s ¢ O & «O
NMNOOQO *O ¢ +QO OO0 O« O« OO ~Q O
DO 0 0] QD DD ® e O o\ o o - o “e Do (3]
| ¢ Q0 = |01 «O0 »QO0W O ¢ Ov OO 0 O~
QOO | 1O oo s o o & sgoopt LIV ] [1¥s] e Nt www
Qesea QOO 00 QO o= Qm O~ OP ww o=
e DOONDO 0 0 8D 0 00 ¢ BB nwnw Wy ) - . e
Q * e ¢ ¢ewOONwOO~QOWN-~ -~ -~ » e e O
ANODO Y o\t e\ wearww (DD e may, =~ o A (O
Pt O\t el oot B amr & o 0 N O OV NNwm D4 OMNM
® g Guslf) om G\ eemomemamfed ¥y O i D O s ¢ 0
—men aom @R PIONNP~— | ¢ e e D e OD QO DO
NDV=m D= PFPAPRFINNND s ol ON 1N e O= ||
MOV FNOQQO~=NNQ~=O & | & o= OO0 (O - e
ONNOUN ¢ Q000D ¢~ O w0 OV e e OO
QOO OO ¢ 0 00 ¢ eDOL ¢ O e O ON o
Qe e |OWOOOO I oI N N N ) e et TN
1001 QO eomeal o oo odwem P | rd sl P | r~N—~
cnen) OUVO «DINOOD ol | ww |l | & wwin
OO0 @ ® ¢ 00 o ¢ ¢ ¢ :0OQ & w oo™l Qe wan || «D0O

0 0 sQOINY o FNPFOYL ¢ temem || awINO=O ¢ o) | N=O~O
OLOF ¢ | =~ | Dot |t ] DONMNMOONY QDO ~OONN o ¢
-t | o=t | Q-—ww-—-wﬁn-—l\f‘g oD QWM Cudf= ¢ oot 0D O
P Q el o\ | O0miD OO}

Rl ks

—

a.q
-0
gL ~ =

mame - ® oo ol

AN A AL ALt bl e

CCMVMAND FOR ELLIPTICAL AIRFRAM:

H # u u n St oot B oD RO e & LI * -
" " Q. *OQ. *La «~OQa. *0Oa. *Va « & e lldda0.a0
> o » X & QW V0 Q0 O0 LU0 LV ¢ AALWULLCIJCLIL)
U O QO O 0 Q Co7TA 17T o7 03 q o3 o  JZ>000LOLVAL
Z > Z > g 2Z2 Z200NZONZONEODONITONEDVN QOO w2
O QLW WO U U OwwOSYUewrQwer () (e e ZZ I Z T
2 & 2 Uliiulidler—
WIWOQOVODx
94 E Q 9 9‘ 9 — = S 90 9‘ 90 9‘ uu. %“ llﬁ" “Sa
— = e e = e - Land [ - — I ll " I II(A S L
W W WD W WO O [9 (&) (S (%} (™) RS P o Lnd
@ £ L £ & £ < & < < < < < LWL LN It
2 D 2D D D D - -3 pn | =2 2 Pl P Al > AL LR
W W W b W W b Wb A U w. U 'S LQULLLLLLLLOW
*® »
264
,,‘-' ‘et --'. -’../,l- * .-'. o, . ..q'. L. . - e
G I IRDP ) RIN BRI I DRI, .-}.J-' J-\ “}"‘ -\.r' :A. :h\ "~ ~ Y




DR A AR A R A At A s it Tt A A St S St s gt ot ek i i e A L S T R e A e e |
- - - . - - - - - R g T T AT

LT A e g
- s

v
PP R A

o
- {
'Y i
{ K
" \
-— ~ *
™ Q j
[ ] . o—
~ w-— (321 j
n oM .
~ L) [ nad
[« ] of~= n
) [7a) ~
> -~ a
— [aa]FF} ]
* .< -t —
™~ [ ] x o
o [Ta W ] - X
e N * [}
) = "N -
] fow {0 w0 D>
- aun M
42} a™~ *
° Y QO N
~ * 4+ + w0
[Ty -\ - .
~ > ™ N
(g [ TS ¢ O
o - ~% o+
(=] - ! 18 nwo N -
@} W ~ ~O N -
~ (>N} > Z ul e = O
- » ol b ] =1 <0 20
o 32} =1 e ] <\ ~ o N
. 1D [} N ® -~ | 1= a X
T3] =) wa ol X -~ ] Q=D | 1
~— <\ XinGQ = | QO ™ 1 QA = =
Q. -1 #r~% T #* . (i N~ o O
L | XV eMm g Q = | n-MoeQ «Q
o -1 e X % O - - WU oLl et
v Qan ‘P~ > | v N — 21 o =" XN
* @ QO il ®* x (=] | — WA N D~
QQ [l } ++% QI D~ Q - ) Dt % 3%
. Z]! QU= X | TRl ~QOm~ [ ] o @ ¥ -0
Nem W NZOY o Wi e e Q- W W [ ntand - <[ 4} - st | QNN
+T O Z#0m <« mML 000 o O >= =D + WA
- i #$>0 | ¢ o] o0 ~T t Q 20 Q DL O
Ow Wi Ot Wl [andaad To 1o b of - o o Wt TV, ] O - Qe NDO o
N O : N+ O nnO0 o« « 29 - NN S O\t
NO -Q | Q. \ * WO «QLO Q| Q. N0 PRI e O
) VI PONUL VI SRR KO~NWLIRMN =) (S TV PUTT] AT S
it £| Xtk Z1 N *o=OUVWJ W = | [ ] #® U —~NOC
. W OF) # o= WUl Zem | MNOO o0 &0 I nuna-= O QO VO +4+0
bt e OO ® 0 | OMM e e 00 sOF ¢ D % O 0 o OW st
o 0—, el MNW ol X NFmtQwO ¢ O Cl' woN e O O DL > XU
#* o < QO>rOV <t VNZNT | JdwrONw W) N>t O N n oD X% ot —4
OO DI Mt D RUNR X o) | St ¢ =0 = O ~0NnwY |
o) O T? (B - | g\fo_n_ma:&uo: ‘1‘ [ W¢¢3dghg<gg 111
NO Ul { w Q. & [l 4- 4L} -t} DN " [l [
IN ' t-!- " i [ J ] 562!—‘.’)0"— b l !-E L l'l -wwozwmz# nuu IH-'-
Z L N L Nt Zmt=—Z | | Lt QIOrL L) =)
] L) - O NrepmQZZ N LZra ) O Ow Ld 0 WoWwwow
QD P WDWOWA =) QUUQms= ™= |l d V2 1Q < L0 QLU
NW = QLA =~ NOQWENNHAGN i W1 UMW (o) WP e et CNQL
L at xX>Q0Q Al Z@Ar=X>O0O0FI= x| LU, > (8 ) WO QAX>»xX2J
uy w
% v * % *w

265




LY

E.F N A AR A Ll AL SATA S .

Y A%
DRI 7 IXX

QO*S*D* (CNBA*B+CNDYA*DY+CNDRA*DR)/ 122
DRA*DR )/ I

®
i
W
n
-d ! .
— ud | + o
[ at W
Sl al - <
R b | (& ] —
1 + z
(&N} >= -
| ] W
Q =X * o
€ <1 < P } -
o 21 >= 3t 2
#®# >1 = Q | €
m Q) N - -1 o
e Q) -~ () <t .
~ ot D + o 2
n W o [ Wil - "
* <! pockR - W -
L 4 | ) MNg - -~ Wi o~ w
o > o@D  d f— (SN ] < [
® Ot O e~ Qe e Qe QO e [ g
® 1 >N, o ) e b o e (2 <t u 2
- N DNt DLVOODDVO - 1 » (=]
* Z1 N~ AXrOQOAX Ol Jd| O NN*
 Of oam N> et NO X UOO0Q <t > ZZ0 @
[ Bl | % oW > SR ML s} < - e W £ W
® -\ UG~ ™M o) e e e e LXOWU. [ dl | +* XM L =™ L
T <! D+NR o O OO0 O "o w Xl - W ® Q y o=
e DI >e~nD M~ o D o8 v 0O 0000 [VE I B S2TW > = e
® Tl LVDATN N Z| OwOOOOwD ¢ o 0 ¢ 2| ~- et vt et T e LS L] e L e
D W e e NN U - _ )t e ) (IO -] W & it S22 DEOQOXO
- I RZRONON =) O ) ed O Jr s L) 1 2 2220 e = )
1 3! m-o-mo:m | x¢m¢¢¢ug:dzdg Q) W et &h&hﬁh&
. E AR 1) D= o < TR > >
A w S| AL'RaRTE 3] CEEREREREEEGE W] & It _R-ReXxe-X
e _— 1) DHHBUNE I O L~LLZL=Lr == W] N wmUeRd D D WD
o Q ) Nt N | ) rtrtrmetm || ZZLZZZ ] Z EOZWAWAULIAWOW
. W < WOUWWHEW =1 TOQON ROl L ] EEar=Qr-greor-9
,,'1- x Wi PIIIIE L | IND=Jemdemd{NOZLE W 3} B N W) ~N WX J I I 0]
AN D X! ZOXQAWUX= = | >OOX>XOOMEA.U. <! Z w=orQoawaoaoa
e -
) ** L X * & * " an
—
vy SR
- 266




[- 1]
~N N Q.
2 2 QO
- - - -
L e L b LS o L e L)
FTUETWIEUXOXI
ot ] Pt ot St
0. =0 ol e O =0l
T >
b= 3K e I = D€ XK = X
- D D S D
awawawawawl Q.
= (D= (Y= D = O L) )
d A IR IC IRV ICLI )
Q&DED&O&U&WW;
o
L 2 4 *tRERERER [TV N




]
f-l o *

.

*
*

P TPt SSE LR TR ILI SRR SRR 22222 2 Lo 2 8 2

120742111 )4 *THESIS TOP.'y CLASS=C

A A
> .
AP

L
a..

.
S e

.
.

DA

&

~ ..-‘q.

T A
N

C AL
Al RF RAME
TIT Y

T
I
FEREEIDEH D

Bt~
w<ga.

A

~
ESS RN L 2L

*

XS P VX SR EEEEx F ¥k

EI.BLES CF NONLINEAR CBTT AUTGPILOT FOR IDEAL

AR IA
ME D

YNAMICS

§ QFV
ICAL AIRFRA

ELLIPT

FRRERIRRBREF P ARBERRRFIRR PR BE
* DEFINITION

*
*

M

R

L

R
MANDE (RAD)

<IQE~> 0OIQ QW
EZUD  ~wlll~e -
wo Auw~ QO G W
WEZI IO I e LAV
D D = Ueneniljes 222

QI LA Q sttt Ot
<:km: C;zzﬂft-z L%;-g
o=y
E Iutd:tz ﬁELéfm
() 4 L & =D S TTTTT ML ¢ -t
& G Dbttt dd =
e U WL, B Z HXDDD Y eyt
et | | WUV EC LK™ L, Q]
GEI» o ZREQU Jrerrar-
~WOQUWANAIT < = [ ond
HZOQdNU PEPNENTE " b 3 |
Q@O = B ed ™A AVL )4
Zr e U= = yuJ
DR XTRIY - {7% 1.9 1. 7. 4. 4- Q0 8&
o8 00 (1]

D @DTee v egeo s t0 90 e0) ool
NN O [«1-9<% 2 J- 4.4
Z2Z22420xat.L0000n0

A XA SRR LR LR RS

268

1301060506024y oo

bD‘ o0 W=2475,0

SIS bl i Boln ol

PN o

FrY T Y L X R T 1

3

P

FUNCTICNS CF DERIVATIVES
FUNCT ICN
FUNCT ICN
FUNCT ION

*
*

W W TIPS ¥



L ® [ ] -
[ ) [} o e L] o L2
° e e o [ ] o e e e =N
. [ ee e 0 [ o0 W
L] L] [N ] L) . v e
- am S 'y - e O
Y =D LIS - amn e e
- DB wmam oo Om MU O
O (NN e QY =@ NO vy |
2 NO ofF Mo OO0 VO Oe oo
O QD e M=F OF [ 3 ™ OO0
- o™ e e e e Om Oa oN
O QeQ e QO mMO oa O P
o o0 a0 *® ¢ o9 QOO Qe wo
g O N OO OO0 o9 [Ye) -~
- [l L 18 "y MY O PNV =y
e TN *e PTw Tw wi ww NO
- apramen B w e rw ea® O
D o e\ L -y e e ) @
US emem gt iy = Ul O [ » ]
TomWP=~O ¢ OF Of (NO O ¢ OF
~“MONNN IO Oe Neoe N O I =
-NO = oM oM e ¢ Qo O
00 WO Ve O= OO O O
Qe e O O o= O *0
eDO aQW O e O ¢ QO 0 O
QO e e wwrd 0 [ L} ¢ e Ord
OV ¢ Ot Ol ON ww oo
O o0 ™ & wew ww worm - ®  amay
et OO rt if\ = - e LI o e O
oNwwQQ mm wma = s A O
mes o0 N QN OV N\em DOt OO [FV N |
U\ ommamemi() O ofe O O o o0 x
PaliN | ¢ s e O ¢ O®W® O OO |
TN =N ON 18 o= O= || ¢|
eiNNQ & | & aae OO O oa U
QOO0 ¢ QO O OO *eo e QOQ - |
Sooeedr e O° g0 PO ON oo -
QOO IN N N | o o= PN <!
oee Fed jed wN P |~
ONOO N~ |w ww o | o *~¢\ -l
....O. - S (O st T -~ L
PONLO o | =INO=O ¢ oM || u\-o--o aa It
} et } ~ONMOOU QWO =OONN oF ¢ -mmaQ) |
wwrrrwrrd $ ¢ 00 sOW ertf= & o 00O O gL > = |
| oNO ol ol | 91O OOl =™ e o al
[} [] - Oud & - oo o LLI>>EL o -o'
a, «0Oa, *WUa. =0Oa. +Ja, «Ok =0 *«QQQ -l
> & DO Q0 Q0 Q0 Q0 QN0 ¢ VDV2>JO0 i
O Q | o9 o3 o T o7 o ¥ oF ZoLVLVOLOCAL W
» I ZONZONZONEDONIEONITON NI wwwEZY ]
W W WO ernd wear (Yo e B (e S urer wwwr L L LlIl) &)
DA ) |
WWOOOxal W !
2 2 Z < z 4 p-4 = L TRTRTR [}
Q 0O W Q (&) (=] (&) o QOlhib.gaa>> O
[T = T (] () — - " ~NAGQl’IOO X
= | [ | g [ e | i <ICITX ]
(SIS BN (S 9 (%} Q9 (%} <44>>¢l‘-0— gl
£ Z2 £ < = Z -4 Z ODVOQAQ U KN X
e 22 2 2 P 2 e} - - PErLErLlX U
.- W W w . U W [T '8 QULULVLLL W)
* %
— -
v, AN
h'.--l '.-_}.-_',
:.r,:' - 269
-"-’
-
.
-".o
-.:.q.; " ._*.';. .-.‘ .\‘-' ST .'-‘ ALY '..'.. . . e o™ .._ '.. . —.‘ - o~ RS \ \ _‘. _‘.
SRS RN & A Y ~.u_x{~. e T e T PRGATCY

s 0*STEP( 5.0}

* PITCH EQUATICNS OF CONTROL LAW

*

xX>0aQ

e 0%(Y=Q/573)

-~
-
-

-3%(QD0T/57.3)-

PITCH EQUATIGNS OF AERGDYNAMIC MODEL

*
*




-y
)]
e
r~
(3]
~
Q.
» -~
- (\1]
oM e
(3K [ and
o~ 'y ]
un -
-, Q
[\ 1VV ] ] ~
o< e ] ~
[ xX N e
"y Y ] - X ~
N » | -
- 0 - p ]
(=g (AT o
Quy > *
[ e » <
-l QO W »
* <+ + Q
-\ - [ ] 2
[ P "y N 'y | J
[ O ¢ 0 w *
- ~% o 4 Qt 2]
[' S o Uy -~ Qlt *
- QO N xt <
2 e - 0O ] @™
- =1 <9 QO Ot Z
v <1 - P Q N = | (S ]
% -t =0 a X0 X -~
- ] e | 1 <1 *
(] -t MO = =Q Z ax
° ot [ Q¥ > B %X
[ d xt OO QM Q| N\ v
(2] - [l | W olhaifmrt ¢ O = BN,
~ = <1 Q Nt X0\ X1 > QX
ol Q Q ; 4 OanwN\-n W) Q go
- [= ] - D RDu® o= 91 L ¥4 X ]
> | wmI= - [} [ L ® FeOILINT t Qimg
- o Q- Q0 w1 = @ b= o { QN 0 Wl >y eQC
-~ W 0RO (= ] =R+ WA SO Ol Q o=0
L o] o I ] W o&£0 O MWLM O i =)
WG Ve =k V| (L 141 1 o Qe N ovd V] WUINTY
& Soaninae B!  ~am s torx 31 dams
- - ) o @
39 290—‘0 <20 "’l LN =IO ol "" *%«2*
W wm etOND O = [l OB =-NOXLH = <L~ am
Z% MO0 0 *0O <« | UV VYY) = = VAT +4+QAT | D+nNN LK)
VLD ¢ 0 0O 0OF o DI ON 0O O O OuUl ettt ¢ D0 u amn L) Lad ]
WOt ) & ) () WUy e hd @ WRARRI»»XRUW W WA, LI WVuY
NN | QNN W} -V OW < P wMB N NIl W) wwivewr®h 8 N
L Toa0 B . L ] ] [ 1l BN (=} ] N O =D | I % ZHr-maaQ.
QO XTI SOE 3' W Ph= =W (=W 1110 1 ) Nl o\ o %
Q> wX~OXXD < Xt | O=IF=D<KOODN L] Q| *# ==
OlﬂO“QQ‘;QQ’z- Tl g ol oD Z200QL&- HHHNBEN > QX QW)
T o 4o % e e o:n-mo-ctunu —allI L) e bopmpmpeEp | U UNU® |
) U-PQZZ Homt R EZret ' (S d 80-<<U—Q OQQQSO - | H == ppeoid, §
BVOOQmr=U =) JI 0 2 L0 QO0AQAVA 4Lt V0O HZW
NQOI N NALNE VL Wi U&UNM. (& ] W FeteilNEOE W >OQOQQLIMZ
204 X>Q00<L<=~ &K1 Zeilhdwm [ ] VA QAX>»XO0 XLt ZoowibLX™
(T4 0
* % * %




F

STCTA

-

e
A

.

T

w
a

AITET]

vr

0
.

;MDD

S D e STt i i i

Pl

[ |
- o ) ~
[l = o aad el ™ Lol
OWVWOO00VO =
azoaoaa:m-o-o-o-o-
NREIENRXAIOR
o o o o oD MOl
Q 0000 e Q ™0 &
e ¢ ¢ ¢ 0O DOV

A | WO~ ¢ ¢ ¢ @
(W ] - e LI OIS
- q b O el wed e e O, e~ L}
ot ' ¢Q¢¢¢¢Q¢-J.J.J-l3
g O F=WUUOOOr oo
al FZO-!-!—FZ!—OQQL’)N
(4} | Z'-OZZZZ'-'ZO- e b e
w g (] Smtmgimg ot | =t LZLZ
-1 “Q“I“llul"""-ﬂ-tﬂ
Et NPIWeteq(NEE 8 H W
-] )QDX)-XQOMG.LLO
~d
% *

LA AT A = I g N g

INERTIAL ACCELERATION

ACHIEVED
NZ=NZB3COS(F)+NYB*SIN(F)

*
*

- \'.;".».‘:-, e e T T T

DAIA Y s SN

¢ OUTDEL=0405, DELM IN=0 .SE~8

oz
L]
[ 4{-{..3 4
Wi =
ZLa0
by 2 P Ui Pt T A
Ll [SE NS AW 4
ZZ = et rt vl
. ] n.t—n.o—n.o-n.
XN >
=~ r-xv-xo-xo-x
—W-azd D 2D D
TOZuA WO WA WA W O
EZr = D= = O~ O Q0D
WREr= DN ICIOAINE
'—azn-l-co-ocsoa.on.mmg

o
4
z

sN2NZByNYB
1Qe¢PsR ¢ FD

-y
L]

Z#
* R % IITAN

271

\\'-

R R AR \
PP S ST, e el \)-" .r.-.r:_m-

T e et N S P S R A i e S A B A S S

i

_\..




Al
aA_B_F
el
a ®» a @&
.
1)
:
)
.
,
A
’
[
r,
.
.
.
.
1
.
.
T
;
.
.
.
.
.
:
:
:
.
.
1
.
.
.
)
.
.
.
.
.

P
f

4, 4
el

\.f
g i
.:-j. .
- x |
- w
< |
= i
<X
< |
B o
.r;‘ w Q l'
o' x <
2N < WK% RS —
-_'.; - 4 * * (W5 B
I *» O » (
- 4 * * |
: — % * O
- (V] 5% U ON Y
2. a *
- x : g : P?:
» < ¥ <_O0 % Ool o
- 3 oA Sz 2 = 0N
. a
2 i Pl ioEn G 3
- 5 : c"u. * — | ~wn o~
& X U OO INl W "
- i * @ o < | NWOW =
'4’ w (5] » t= Zaw o) WU
1) o " * - — W - ?
3 o % o0ow gl 23 - g
- - # < az# OO _Z=Z a x
" . Q ~ * at QIrJ <
s N % V= LN Dl x e
’ = gi * = QU | D=L - - -~ N e
{ o - * << W | Eg]Kd o Q >0
3 :' 3 % < Z | Eadx w qQ <« e
- - Y X T  —-w | Cawg A X —h
o 5 3 % o a0 04 2 - - X
N < - * Z LOW = = < —>¢
- — ¥ UoE % Oal Zoaw O £ 0 0 o
P - * ' ZW) OO ©O W~U =~ Z Z 0=
0 I y QO Wi mgd  NON OO~ & #9
i = * o< TH# wo. il = NIUN WOHNE~E Ve
! 5 3 vt * cd #* U ITIZTI L3 Q MTEOXE -y
2° % * < O | xaca  WNd —wouwo o9
- S - T -2k w04l <TI0~ QUVQ =000 W
L a % - » W - Wi | —ZLR ki~ wz -~ ot
5 82 . }god a2 S3oNc.S  SESSLY §E
LAY
3 T2 g § =z 23 SEzEope-,_gogsus In
R = WO WOOLWW 22U -
- 2 22 § —xmad 25 ettt b= frvpemt 4 Yo 11T N =)
e Z J 25 % o= X %Y1 oW AXLDOS—O = . e
. 2 Z » * STl Q=  [CLAxE —~Z QU= 0O
z . ZuE * Ol TaQOFRQ| & ~JZZIZ W=
A o> % » -3 STy vt S-S Y. SmmZ—  wo
- S :‘3 :* * W » Ot | WAXAQAR I IR — ™
. D - oo » o) 2= OdDdde—dd 4 WN
v' - 0D e BoZ * | UL U U Oe Z D ODD T bt ot aN
- = x| Tl O=SOZZZ-Iad=a o=
g 2 Q> ? zm : zw' O o Z2g9Q Or=t—q~
- < aOTWAR * OF1 FuUdOWAHI T - xa
p ¥ SFea_ok- Y SO ~ZOOJWY dddO=EX J Ww
a4 K < -_ AN I =T J gt LSS S
x, 2 4 :g ztp 3 nm| Zr G DO U QG
[::-. 1 ne ‘J’h-t » < ] ess0 e QVIN DL L QLA o o —EX
" [+ 3 — By * r <z e A
?.‘-. e -‘U"‘O 2’ - * [T ] (85 ] WUdlhd *0 20 o9 00 00 00 S0 20 ) ey LT 44
- a d::::w:r * Wi | NN QuQ > EX <99
DS T ol e em ¥ &% zzzzemngxawaiouowow =oaa
i‘,-.c n - g > IKw :
o 'S A NS WLN
Li NN N RN HER RRRERAREAERRERTRR
N
R
= 272
o
L
Cox
)

P N
LIS

FUNCTIONS OF EERE!&IE!EE

*
*




e

L g8
DR/
» e s e

e e

3

Yo

)y

1200""'0.

0.0’0.0 )6é;00z"000029,6110. .

8-0"000

—r
- =™
amy —

O g AT CTURTLVT RN s

L] Qum—

L] L d [ 1741 [ ]

[ ] L N ]
o] =M o o

band «QOQ o 0 =
W= ol -~
Vet QOO | ot
Qe | QO o r
e ® QN
QD OO0 +NO
11O 1O o
* el O =N O
QDO a\jO~r »
o el 0 & &)

D o aT O o

o S\ (\foms
VOO0 & -
QO 0O oomom
QOO~N

0.08
0
2
2

o~ G s gy [\ D -

R Il Al ek Adi Pp—_ PO
ANUARA L L AN AR S I R S Sr Ar Ge S S v ae@ aagiaodt 2An A uoe -

S

. e o o LI -—

. [ I ] L N ] -~ [ Y] -
- * o0 I S a g S
— - e e =N
O e o o ON - O~
N omen aeon = -t - e

O VDN NO Vs = o
ON tNe O Q QOO i
-e o) o Of ~Ne |
ON QO e ~ o o= "D -
e e O «Q OQ ON O
¢° o [ 2 ° LA ] | - [ ]
bl d O O IO - e 3
a0 TN PN =yt O~ e

gl ~— — [ ] [ 174 - =
[Ta Ll - - ®e el PO emen
) & ey mon D = o YN
e NO VWO ®WO G XD o
QW O~ I~ o -~ | o\
[N [ o0 O e N O
e ON OM = OO | =
@ 20 ] { o ae On [ ~O
s & O OO «©Q QO O
QO O [ Y ot 0

[
Y D U wN D Oet
OO Ol et Py “% § B e
——) s o (DO - - o
Quwen o 0 o (\ aQwet aen
D Sif\emmam Am e 0wl 1N
ey O OPRO~ ¢

— amem aem N NN [ o N | MO * .
NemiM=amifN | 6 0 ¢ O s i s Yy |
DA =IND o\ tPa A mm N\ O AD D) el oD =t N «DO v -

Q=
|1
AFOANNPOO=IND =N N P PFOFFD o) | & oea O e OO - o
o0

DOOCNTIM ¢0COANNDIMNC ¢miO *O 2 oD OO sOF » o
OO * *0 * OO o * +ONO O 100 oF ¢TO ¢ o 8 T oNON o »

¢ 200 OW 0| VDO ¢ o s |

0O | VDN e N | O~ o TN

QO II1IQI IQ *) &«1Q 00 «ad 60 wrirwd—d |~ wrd oPwr |

o o ad ) OO QO il ol w ‘ww o | s e

QD OO0 QOO = %) OO0 *L 0 ¢ QO Q) M ™ (| MmO O (| S~
0O o o F o NP oF o o F o OF 00O i | MOO™O 0= | FORO =N

& OF 'O-f * 1| T *Q 1 MN | DNONIONMN +ORPON OF » O
N wwwer | QN s et i@ ¢ ¢\] *OM 2P O ¢ 2miOF o

FUNMCTION CLDR =

1 ON | O
D gy W st P g s st v S

noou 1]
L) " "

> > =
[ <} o @ O o o
- Z > Z wd m
Q (%) (S IEN S IS S |
>4 Z 2 Z2 2 2
o] Q) 2 0 0 0
- ~— — e et e
- - — b= = e
(&} (&) WOV W
-< -~ on L & £
= - J i RS S e |
'S [V e W M M.

FUNCTION CNDR =

| oNO e~ 02| ¢ 1 QD =t sy
D e Ol e el a e B e e

E L Lo
LI II
e . > ® .-

QAL > >

Q 0. «OQ0. *O0 *JQ «a. | = o * e ) AUILILI

QW W0 *OW Q0 Q0 L
< O o] P O NFCO o
ZONZONZONTEONTDONE oF

-

Z Z -4 =2 & r
Q [} p) (=] (su] Q
—t ot St — [ St
L [ and [l [l -
() (] (] (&) W (&)
< < < < < <
) -J =2 -7 e J 2
w [V w V'S U U
273

WA S L d
D Z> OO0V
[(B18 35 L e g
——ZZZ2Z
L L LU
WWUKI DO
QOO WL WU
L)LL%IL<<<<<
<< UWNNY

EN N 19499 ag9qg
QAL > XX
€ QA I D
Pk P > DL
QUOULLVLLVLLVO

.a.x a




BN RO Al i e i At e fue St e DAt A LN S A S g SRS CAYLI Ay
[ ]
L
L ]
|
)
[ )
-
un
~
(=
o
(]
(@}
-
#*
™
|
w
®
[FaY
L ]
2
¢ —
2} -1 98
+ ol —
[t jo Y | > Z
- fas ) P ] =
o [ = - <\
[} . [ T ) | ~ i 1t
| [a] =1\ > a wi x -~ |
w - <t | *» O = Q ™ 1!
1 Q. -t A # X » L] D!
<) W | )~ <) Q ™~ =
) - -4 - W e Z| % w0 -
w (%] Ot Xe@ o~ D> | VI N 21 o
x) » x xRN QY * @ (N —t
- | o -1 QD1 s LI Qo~ (S 0
< | . Zi QI2UONT X el N} L | Q
—— ] ~N (W | NwLIFJ e W) * o [ od Yoy | [ paalend
aa o) + VD) Z¥—njo ) MWL e - O o O
QO <« = I #0O% | MO | * 0nr e (e - ' Q oMk~
e Jdf © Wi OIMmUd— Wi PN QOOVC=m=T W Omn>-
<gq DI e QI VLA -+ DI CAQOQNA D=0 2| ~z
e Q| OXI | ~roQsa ] + NWOMEFrQa.00L Ql ~anl)
0 @) e UV PO IPW) VN SXAKQI > IQL ™| QWWY
LD =) L L) XN STFMIOR L| N wmX & o) opq » = | o= o
aqg Wl W OV Ve TrOr Q| Z~ 1M OO0 O >0 <! MVt~ O
ZX | =0 =~ Ot ¢ =] LMD O ¢ oD OO » DI} N +O e
(S ]8 ] cY.’ NO =) sPO= & o b—, ¥ NP eOO~Q ¢ O Ol Wy ¢ O
—~ ! <1 DIFONW N ZINO OO W} Y P T . AT
X Wi O DI TN | et D ROR N e ] il & op=(D
gqg ] oD Tl eid} )] ) ONYOUXXLOXJddx W=t Q= Ulg
>> 2' o w | | i} U.ll CHA + = D ODp=(D o’.u « 9 T OND Dll
(S L | ] Z ] [N o |} (R ® AIRET g o< > | ke o AWML Z
£ <9 £t W=t = A i 0-0—4‘“4!—0—4 1 .xn-me-qqqu—-q
- X " (& 3 | =~JOQ I D Nt JZrtem | T L= )} Q> O- L aad
NN 2N O M WWEOW W DWW il g <
CE Wl N =) OOTL O =] NOWL OOl d W U '
WDV W ZZ ol X >>x€0O QO Q) ZO9reX>>000W X1 Zeal (&

('3}

*
*
%
»
a
"y
*
*

274




B et i e L G R R atiuith 0 St e el W A Al v = g i "l M e~ e e Jpa o o e T

[32]
L]
[
(17}
[
Q.
*
+ ~
° - ~
- (2] g
[ 179} L4 ~
sk [ L
nwl wn [+ 4
~<g ~ o
Ll o. *
(WL 4 ) L= 8
[Yeo) - [+ 4
a.n > Q
% T ~— Z
-— . “* XX
ale) w +x
L] [T o Do bt
M M~ aQ~
U\ o o X % -~
N o | [-4-4
wn + o~ >0
<<\ - D= Q4
—l N - -1 Z<a
~— o YN (81> 4 x
* 0N M~ W Q1 +0 (=]
D> w o~ at Q- -
L e ~ o+ =1 QO D=
L - -~ } <<+ 2
(73] 9 Q) @O -
o a o — | 22 a
1 0O QA MO T | (ST ] o
ME> | N L) <l < -
e+ = X0 2| % D> joo l | o]
et 4 MNMiE > = 7D ) w
N OO st=M QD N, # -1 -
O ™I e Q) ~ N < | Q
= ot XUNCM~ o | > B+ at [ =]
WMWYy W Q Q@ w - [« AV
CN® *red>y | * I - | U -
ENT 0] 3 | € %< [ - Wil o~ aa.
0 S | OQF ¢ WL | ™M@ — Lol Wi £ - -
=g DewANO OfF Q| od () o o (O o= [ 3 Qar
=DV U NO >0 [ g™ Lng ettt ™ Laned <! O -
QO ND et N1 O o\ (]S [ ke Jow [T (W16 B2 T T} T Lo
N e+ OO+ Z| S Q>QO0Q QR b= xl o -~
Do o O+ W QNSO - N Do =t NI X OO0 0O Wi o= Q@
UV L) | b NOIE vy PRy P o S RN ETNTX] -~ & > =
® W=V ) QAQ. v L4 QO " e e o0 UL U W -* 43
Np=eT | 4+ I DM~ [ad a2} O OO0 ¢O o Dl e~ - o
D) emdmiNR ¢ DI >N n e e o o ¢ 2O OOOO 2! % [se].0]
LOMXININD T OeNTO N\t Z' Q= QOO0 ~wO o ¢ ¢ o <l - NN
DN ~D W ~—ma.# * o Q )t e~ e _J e O OQOQ O x| vy P-4
OL=OUNO § T %M N | O d el O o~ ~ao L) 1 O Ll
gg -t 1 X1 VNZT 0 'O:CL = O LLILddd=dD Q| O INN
] ] < * IN\N DOV XZ W gZZ
thd = Wauwneit > ' B [Ta W] m é l h‘h—t—b—oz \JUQU"‘ > I &! ‘

» L) e )] Uunuu* H Ol L LZLL™ L r=rrt= W] N =l
0 WWJOOO0O 41 il . W ) rtetrtome | it Z Z L ZZ ™~ Z XOZ
LY QOLOUL | [- STES YU [0 JUR Iy [ I [[JCS R IN A RURS RUR o Lol ] W S W " [« 2" Al
I et N W) >PALLOAOLE L) (NDm et CONQL QL I W WO W ™~ W
W OX>»>XOOQ «! LOAQ Uede XE+ == | PIAQX = X OO A U L=} £ Qe

o
w ~
@ * * # ®n

275




L T VLT AT VLTS

2€6,090CUTLCEL=0.05¢DELV¥IN=0.5E~-8

1A,B
2 CP4OY,DR

sN2
1K IN
s INER

M
E
E

ot Z 1= L e U e L) P L e
~—I=UEO0ETOTVAL
- S L e Y
—~E OkeOfQk0k0
> > O > >
e S e o
g D I o D
wIcwawawawaw o
2= e O O I D = (D LD L
il VU VUV IV I 0D L
=X uoouagauladawns
Q
<n
XTI W~

M

276

g
-

'l

—

»

. Ta -
CRAM A A IR G A P g it et




| S M N Bl S AR N T A A

B A A At A f= it JtC S it e S e i R U S Bt A R h AS™S (R

o |
< |
Z |
>4
- |
<
)
(%] [
[« 4 .
LA X R E B K TN ] e eeo
» » 9 [] .0
*» vy +#* ] P e 0
4 - £ [
# =l : Q - e
#* w#* @ ~N e~
#* QX » «Q UNO
* Z% - - e \rd
#* I #* O Q NnO 20
* Z% Jd ° Nt L3
LA 4 *» ') Qe QO
* <% Q. - ~N QO ¢
#* ads #*» O N~ 7Y ee on
» Ldet =i - N oWN QOQ
#» O # DO =W 0 ™~ oo
* VO* «m U [V 1L 1TT) b TN
(S ] La L) #» Q W~ D - QO e wwrd
'] - = % = WY Q P P
[ ¢/ # 9 ® =09 ODwZ [ ] I -
(%) * - % @y - O -~ N ) Meem
- < # < #* QN (o] Q " o Nt
A P » Qa # N QOF~Q < Q - LN
(8} * » XI| g™ [« 4 C=] Qe O
| @ - # E # XYL L= - o~ - e - -1
* - » X % W T [= =] rO Qn 10
. #* g » =2 XL W < < 0.y e o
Q. #* w % —w O<Wwi<g Q & a i QQ Qe
Q * OJd # SN VIO Z w - < e O
[ * - % = wow ~ - < ¢ Qo O e
v * vV % ZQ Q Wen s - £ Z N » .o ow
and # (%) * 0 i T A ¢ (7, 1% 17, ] OQ = < o ediendhay
v * o < # YW - < S LS muug-z e UNQ) sl =iy
w * [»'4 #* Ocg L > ] QY Q Wuxox -y MFNNSLO
L » G Ww * XA I Wi - WQOWO VO QOOONQ
b= * —~— * g CEAQIT = 0VAD (S E .18 ] 0 QO e O o
- * Ww : why AL ZAD ol -~ ol N[ o OO O
- * (S ~Z w9 Qui= o Quiwng W O» Wioot 101t
-~ Q # & I # QZ WEZL 00w F4{=18 181" 18 Ho= > o) *aj o
- N * » <« Q_O_wldl WamlijeeZZ ) XY= = | O «Q0 QO
- O L - { B '-'g <TF+E QCUFQUQVWWZW - " 0—' 0O o 0P o
- D * » xXO Urt (L w @=L~ Z QOO QO | T O3 O
N = O % O # C | Ad=A>UU <O rtrertYo ee > tON| ON
- e 5 * —_ % > ;: o:gdﬁ warZ (I oo ; [ RS
= - - -
N > % O % Ol QuXXL<LCOI IWW I - -n Qf
- 9 u # » Al Zgre DedDedadttt=hd ) ~ [ ") @
- AlI e W0 » [] il '’ WEZIDDOE rt Joe [ L~ BT S ) 2
P r4{iv, X J * viac) dote | (| WY UOLCLr™ L QA Ore I W 4
X ¥ LI J'V] % LW DI J ZAQqD U=t []
O VTWON % Ok |=WQOWANIC - - xtx i
-,::a:n:-loz..n % e ’ =mMZO0Q IO S ddOmEBRX o) ww 2Z I 6 z
LS » =g A~OOOLI It QLU L=~ O Q
NU AUWOZH - #* ey ! S SOOI 2> U0 QW = ) = —
- D) # Z | e ce LA XX XA L =TT == b=
A =0 N = % =T soeeoe QL V| D (S ]
o JTTL - ST )9 % U= W DWesvecessvecrcse() Jee ) X 212 <
(DRI LIV b= L BTV N | NN O QLA »r X L9U< DO =
- o) o * QO=l ZZ2Z2Z2<2N0x o L0000 =-aa W | W [V
-l XA X% *
NN NI +*
- ASS ST EZIEIE LI EREEEYEZEEXEL YR XYY * 3

]

Yy
o

v L

-
-
>

»

277

et g_'l,.';';’l ¢ 7 4 4.‘;-’4“’4’ L




[ ] L ] [ ] [ ]
° o= . . e ee oo -
° . o ° . ° [ e e - 90 -
[} o= e ° . - e L 2N Sy o? S
o\ =) ¢ o ey o - - ~O o e =
- - o em Qe o® an SO0 - O
- Qs e = 0 UY New =g wm O &) 4o
Ve $NO = O LC WO W NO Ve == o
OO0 | &od MO =M ON NNe Oe ¢ OO0 ~41t
DAV O et Qe VYO =9¢ eMm o Ot e (| &
L) - e Dr4N @ Ve 2N O® i w - n Mol -
QO QA O Q =« OO te & Q QO ON Oe
11O s O0Q ¢ QO Oe IO De Qe s |- O
L K] @ O oD wr @ e} Q O ~ n N
OW sNWwQ = N Qe o TN N wm QO ww
e elNw 0 &« O P -0 e W wiwy [ oy L
O 0aP=md ¢ ww Om UNhw oo oo me PFO -
O\ QD oN L Y Gww N & apoy mm O ~w o NN
e wify SOQFrd amewm T o o N NN DVDQ -y © e
- & alff\mNuwew Ord wen OV Of e N = | oN
NemmOfeO e ~NN o | 0o se O Ne Of
OOV 6O Smem () =ard @9 ON OM =0 OO | =
OVOVVVO~NN OO OO O | & osa Qe o0 -
D IO ININ o0 00 o = OV O YO O
O 00 ® e QO QO OO OCQ Oe s e Ve e o0
1O1O00C e¢ sa o6 wy 60 OO =N Ow Omd
o] oo DO QO OV o Ord ~wef Crjan g O e
QO «ONON &= & s e 09 mpd Oy e (PO~ -
0Q 0rd ¢=iQO OO QOO Owm oo we )\ adwel —~=
O eOwO = 0 ¢ e wm O sV mm V= N ¢ o= NO
-\ one oD — [ 0PI\ ) ONOe=m ¢ OO ]
Grd Bem pEmwwar u aman a0 NG [ eN | MO [ I ]
mew N o6 MM ain] oM oe Qo o] Ot [TT I
D e\t = (\NNTOIQOM ard aQwd | O e~ | | X '
Q= ONOr4NOMNMITOLTFO Q| =& oo O e oo <
Ofe IQOONNOMO 6O Q 0O OO 0P =e¢ OC <\
000 ¢ ¢ SONO 00 eQO oF o O ¢ g ¢ F o (YON o o 19y |
S el OO 00 ¢Q 6Ol eQ I ON N FN | Qe 6t PN ol
10 ) a|lQ 0O 0 & 60 werd o JPrd (o) wwrd P |4 -l
eI e o0 *Q 00 O o w www || wem | emwrw <\
QO & 00O 000 0O O ¢ 0O 1O o= ol o tOQwaiNll ™= - 1
QONL o f ¢ o-F OF 00OF 00 = H OO =O =M i F NO =N at. x|
T 01O | DT W | ON | DNONPOUIN QO 00T ¢ O amoprmamanQL) <)
1| Nerwrwwr | QN www e wsed(D ¢ 0NN *OM 0rd PO 0 ¢miOF o gL = I
- -~ 1| oNOQ ot o ¥ | ¢ OO0 1 =t ¢V wmamm o e o oogg DI
" w u (] " QO et aog ool sal oapd| LLLIIXEY oo L)l
L o *00 «00. +O0. «=0a. «Oa.| = e e eQQLONAGC
> D = of o 00 *Q0 D0 N0 OO 0O *O VDVRIZ>JZO00 mm|
[« I = N == T o Q Q QL 0 o T o 3q 00 o TCO ¢ JZ>OVVLVEA O
> & A P | = ZOVNZONZDONEDONEDNE o F VUV wwww ZI )
W W WY LV L Wit s ) (oot NN W wl L lladI)D) X
wwr L LZUWWNUINIIWLIL -~ (] )
P = = Z = 3.““0“,“"@‘3;‘!% g
Z =z OO0 I U ik U
[V | 5 (=) % Q (o o Q Lz) % 5 LhLLibqQqAdg>»> 0O :
P~y =t =t ey L] [ ] (o] = (] (] -y - L] NYUINNOW 2t
— = e - - - - - - - = - ZHnt N ICCIIET §l
WO W W (%] 9 (8] (5] [S] (8} [S] (8] L L LI 2 X O poe = ]
E &£ Z2 Z Z = =z < = < z Z LO0O0O0QQQJ_N N X
- 2D D D > = - - - J - 2 p ) Pl ddl AL L)
W W W W [T U [} 1} 8 w '8 w u. QOLVLLVLLLLY VI

%=
*

278

a e @' e




e Dl

L P o

% %

g3
, .

Te
UDR N SRS P

S8E~-3%Y3D0OT+340,58E-3%( CD0OT/57.3)~
A
/

*S¥PECM/IVY
R/57.3)1%SIN(F)

X

l

g
5
)
3
c

QO
B
-

=

O, Qe -

o O == b=

et =0O0O )

¥ INLWI_E
N o O oPg -
Zo O 00 O » T
LM e ¢ 0O QO ©
B N IO o O
VI ZINO s e (SO e
LA A S - S EST.
QNSO IS
VO = QOO XD
1 = U Ot Z = I D

Wt ZZ et Z e Z
Wi O vtet | 1t ZZ e
VOO § U O )| = I}
NQLQI H OTOAW h S
e LUt 59 JalaYe 1- (0

al e

01+2.,0%STEP(3.0)

G
3
Y
0
3
1
*

e o
WUy ¢ QW
pitap L[}
erdif 0 o=~ ~ O~
mq-u\o--oon-m(om -y
i | OHNE D2HQD

e o i OWIHUZIDI-UZ'— ue

g'—ﬂ'\l-<<<¢-0<<~8 [ oy
- Q- = =

v N > 20V Q0o

G LI Qoe oot

LT T wa Ox

*400T
8
0
i

N

C

{

3
PITCH EQUATICNS OF AERGDYNAMIC MODEL
ROLL-YAW EQUATIONS OF CONTROL LAW

PITCH EQUATIONS OF CONTROL LAW

5
4
5

Cca

5

O

*
*
*
*
*
*

279

- "c'. M . N -
A A TR L, > . .Al'.l. . e e v




RS A i g ) g o g

-—
~
- ~N )
[\2] - |
[ .
[ -
wn [+ 4 l
~ Q i
a. » i
' < [}
] [+ 4 |
b 4 o
- 2
» (I <
n + -
Uy - Durey b4
= QN -
o X » - ax
o Y- 4 W
+ ~ >0 Z 1
-~ = QW - W
ERCEN ) o~ -t} &< -
< e % Wi (374 . 7. )
Q .,' " = +0O Qoo
- [T ) [we ] [~ 0 | Y
~ + x ®»OQ Dedm Z
— - ! <+ Q=
Q = Q oo D o X
Q O - 20 aQ -d
a OV T I Qow
t N < - Z | =)
- X0 21 #* >= (= AQ -
Ol % O 2 Q0 - [YIVIRT o)
ok Q ~ [ d - e
-0 ¢ O - N L4 aa ¢
XNt Xl > #+* [-'4 - e
-thiy Wi Q Q®m wy - - 4.4
Ht=>per | ® O® -l U - o)
MOy | € #< - - Wi (¥ [« [F7]
10% ¢ Wi >xXMND - = (5} 2 . «l)
wanw Of Q) ed land ™ Sl T T L (&} [ o101 ol [+ 4
9% N (] >t ™ Lt ntimnt pud ™ L -?Q (72 Ll e } o
D oert NI O N QVWOQOO00VO ™= I * <gqQ -
w3k 3| shas SE9009%0EEEE Il £ 98 = 3
'3 - -t
oug 9-' ?‘Q:w ™ I~ 37F 24 6881.40 > < Dy ® cn. a-
nNOoOH =1 <a. ) L] oD o » o o0 O V3] * LZO < 0,
Podr <1 OBM~" Py O 0ODOD0 6O *m e 2 - - oj - Q 1
~N~eN® ¢ D D) un e e 0 0 ¢ ¢ POOOO L1 W UL - 1
PRNND Wl WEPNUIM N L OwOLOWU=O ¢ ¢ ¢ ¢ Q| - NN R U 4
BRD Wi ~RUARE ¢ MU W W i wwwr e OOV I wv LZr=da q
O | ] L B2 Tulaauil B NI N | b O ad el d el QL ket v e U t (1) LI T g P |
[ | 3' NZT i\ o = ' O XLALLOE dded =D O W ANN=E QO
" q W Iy OFOOVOVFOXEXEZ W % <CI2ZU. > =
NN >t O NNl il ZrrerEmeZ2-0000- D> o £ Qb= =X
[ g o™ | gl I upnuNe u O Al A d o ol T N =W=xOD 2
oQLO 4 ' ==L o W ‘ vy ] g pemg g {f -OZEZZZ -y Z TQ2UIa e
Qv 4l AOOQO0NEW =1 HOW NN QI mertea] I N AZrt = (D=
N O >O0000LMmLE £ NI (NICLOL W H 1 W ) N W =l D O] [
XOO Xl 20l rd w] »QQX>»XO0M0XOU. <! 2 =xakIQa.Qa h
o 1
L]
- * % * % * 4 * % % %
b RN
280
.
o 9
‘ -
’ q
T
> _'c
. .;,.l...- .'.\..':.V'-...' s '.'.' - '.‘;'.--'.- <. ’-.."- I .-" vb'-. - .'.‘-"- " A!‘.’-" CaA N o .
T35 A IEIN IO IO AIAD SIS I AT R A SR T ‘et SN L




-t e 1.41.|GQ1.‘. P

RBRYF 727727 FR¥F -7 7TE T T

Q
Z
[TTA

= € == 3¢ e XK = 3K
awawiwiw a
OOk OOQA0D
D[UoqaIAD/L
Qa.0a 0000 WnN™

2. 323 2 2
9% 3 3¢ % 3% o 3 *




-. ., 4. ’n ‘l. ". ,. '.. '-. 'l. '-‘

v
e
0

L SARPIC

1@

LAk
CY
2 't t e
Pl

.
g

‘r‘w oy
)

-«

AN

«
1:“

3

“v

¥
b‘
i

L.X X ] % % % #*
* #* % 3% 3 4
* *
S
* I~ »
» »
» Cw »
* 9i#
* b .
» 2%
* <d *»
» o - %
» [- 43T *»
o : Q z<04*
L] » O-u' -,
wy * (- 44
w) * D =D W
< * ~—y
- * 9 [+ 4 -d] ]
(v * <X
- #* w
- »
U # =~ & | #
Q, *
Q ® =gl NN
) » =
» VYO
(7, » [l IR
L # WO (w]
v % 2% #
[YV] » 9 - 1
X »
Ll L o, QU*
- : %
- »
- Q. N W e »
- N % < »
-l 0 » ZUW~ *
- @© » »
N = 0O % AR »
. o 2 % »
-y
5% 4§ 3 o 3
N D% » Zu *
-l D v # »
- A e Wl »
P LN N »
WXN N PWS »
OaVIWO» »
-ra.JO® Jd »
nNo<«gg »
VY AVZN - :
—tt Zh=)eetp
IS VI = »
DU b= D= *
(W33 Y- Wea L X o »
-l e.d O® »
- ¥ Xo X% *»
e e L s . *
LSRN T T XXX L R

B
' T e =g

O R

ORI e
Fh ] .

1

N
o

Mt e e

2040 O O
QW W Wil
:<.<J< V)BW

~
[uza 390
AT WNE -WOOWD
<SEOX=~ OVA Qe0QUQ

1]
A
E
A

)

MMANDE (RAD)

ND (RAD)

AND (RAD)

G
0
|
A

DE
C
EG
MM
)
M

Wwo Ow-~ O LW w*
WEZTLT QU QLWL

QO ~ollle Ul a2 20
Ut LR Z2OW0D
.9 ST (. a8 L = )
FanoROe g S 2202

—y

QX X< CIOI NI =
Z L Ded Dd dttp=jd J
el el O Z IO et S
bt~ | UL LC L L QAR
WLy J Z/UC] JIr=r—mQr-

~WAQUWANI A ol -
200D JAIO=TE
AQAUII=E o wd QA LR ]
Lrra OV > J0
0 00 00 se XVIA. DL X OO ** Oa
0 oo (X o¢
WO M@Messesosscecs s0eo ) (Joel)
NN > Q0.0 >0 > (X L
Z2Z22Z220TxX AU LOCOQO0O

T4 9% % % 3 % 3% % % %% TR ®

282

AL
ETER CD21650 005K =0048:553¢141592,D=2 00y N=252540
ETER 1222810001 VY=804s0,1XX=40s0

I

AM
AM

FUNCT ICNS CF DERIVATIVES

T

Nl
AR
AR

FUNCT ION

*
*

e AN A & A B A v

[N N SN



F Y "L % Oy Ty T gt 8w N, 8 g al g 4T T W e R g R vy e -
. RN DS B A AL SO O N AT AT SR N A e it s Sk

T ,‘F.‘-‘.‘-".‘J,‘~"-:1-“~“‘:“-“‘ S e S "R Sl S nall Sl Sdand o
. . - . B - - - = -

) °
N ° e o9
° ) e oo e e - a0
* e ® [ Lod e @ L ] e e e e [ 2K ] - [ ]
o e [ L] [ 17} [ ° [ ] [ ] ¢ e s - oQ -
o0 o Q= = ° - e - o0 o0 ®m oF o=
oy =N o @ L] o n = - e e =y
.o o V= o _—_N e O e oo ae O - Ofw
- - eQO s o VYO Y (Nw wwm ma =0 -y - e
NGO D= otNO = N o QO VN NO Qe =ma o
Nt O=~O0O0QD ! &4 MO =M ON Ne Oe¢ O OO ~
QO O D emPd OO0 NO oo oM of Ot Ne =
[ 00D 2 eO0~N o0 Ve ON O® e ma O =Q I
QQ QO 00 e(NO Qe QO o0& o0 «0O QO ON O e
[} 11Qe|DO e oQQ O e FO O O8 0o (= O
ee anjlOe O Q8 oD we 0O 0O FO wa FNN
QW QO =*(NOwY » 0wy Qe o0 TN JFIN e Q= ww
[ '} o oN~w o o O vy od MWMed wWw [ ot - e
N PO 0of=a ¢ ww Qm Nw o oo me FO ==
wrd WPONQmwD 6N oo t¢w Mo @mam «wm Do w o NN
o Gpw(} SQTerd mam Feo sm INOD NO O ~t W e
-~ e o= o offawNNwew Ord wees OO Of P o = |
o NwawOMrO e ~NN o0 |1 680 20 O =
Ned DU 9O Semam MNN) “wed = e ON OM «O OO
ON OWOQVO™MN OO OO0 O | & *oa Oe g
Q) W eIWVINN e 0 o 20 OO Q OY
Qe NDeQ =200 QO OO OO Oe¢ o0 O e
(O 10O1IQ0 69 ea oo we 060 OY N Ow
[ X ol o9 Q0 OO O\ o\ Ori wed ®rmim g »
O * O QONON = [ ¢ 0 Ny ‘ww ey QO
Q QD ot 4l QO OO DO Dwm oo wa e I\ aQwm
(=] O QWO w 00 v wrd O s N P 9 wiw
b ]

[

D wN\w o oQO o ow smMNN MO OO~ e
[ Ged Gun G o Gemon e Q0N O\ U oy N } (YO
- vmamwaiil-ed o e OaifliftaiN] cMee O o =~ ¢ o)
V=N el >\ ma N NINO O M
NPOOV=2ONO g~ NV PITOPFTO Q| &= we O e QO
QNOOM :0QQONHNNOMOT 0O O ¢ 0 QOO QT =0
00 ¢ OO ¢ ¢ QAN ¢ OO o F ¢ FO ¢ ¢ 0 T o (NON
O QO 01 OO SO 0 O Q| ON oN f:l. | Qe ot

"400"0.55' 1(0.0|"0.
12.0.'1.80' "16000"2

10110 ® alQ ¢0 o & O rweiwr i e P
ol 2010 20 oD 80 00 *ONw ) w wew Nwem| omww
QO +sO0 & ¢O Q0 QO 2O 0 ¢O 1O o o] O WQumiN || ®en ~ o
oL & s P o F ¢ T o f 0T O = || QOO e =~M | FTO =) Q.Q.
F IOT 0| V| DT 003 | MW | DNONPOUVT OO N QT ¢ ¢OT - ap e anen 030D
| O | v rwrwrw | QN TwwwrwaswwsilD ¢ N QM 0 O o *2eiO P o gL > =
vw-—-" . — —— .-O.No oPd 0P l.oﬂ QO =t o =meme -; —;;4
Srd o G & - » ot D=
Wooom o S e Sa e o wSat b TIIRARESc
> O D= (-4 [+ 4 00 QO Q0 N0 Q0 ¢0O O DVMVIZ>JZ0O0
o a Q aQ Q o (=] < O o T 20K ¢ THO ¢ L2>U0LVAUICA
r 4 > & ud m - z ZONZONZONEDNEDNE o F WO wrw P L
L] W W W W ) LS e Y ) ot ()Y QPN e L, L e £ L\ID
et £ £ 2ZUWWLINULILIY
WIWIOOODOL X
-4 2 2 =2 5 = P-4 Z =z = 5 g 5 (LTI TRTRTRTRT - 2
o 0O QO Q Q Q (W] (W) Q QUL CALA D>
(] Sy g ey ey (] ~ - (] (] (] (] (] AN U HWYWOU
. | o = = e f - [ - - [ b= [ THHIILIICIISIED
y (S QO W WY (S ] (8] (%) Q Q (S (6] 9 L L LI AL ==
L~"' 4 2 2 2 2 Z < Z < - -4 < Z L000WQQQQQANHN I
IS - D 29D 2 pe - - = P 2 2 Madil D dZ =l Z D
Y 1S W W U W W 15 ('S W u, '8 'S W QLLVOLVLLVLVLVV
"
l. -
.;, ST
A S
e, 283
R
)I
o

o n:l.‘-

.



: *®° ¢+ €°16/100d%(€°LG/3V)I%8GH°0-€°LS/L0TY+LIA2A)#58%°0
;' ' 100v=1
INJJ s

[ ]
L L O L=
—
no

et o o=Q
tod Ue LN
Zratld, Doy

W = Q= << OW

[ B A"

WUMN ¢ Ow
Z~HIONQ OHNQDNH

ONedan O
adUt Dot O H
—ry o i SWIW)E WL~
Q==
Qe O
vy

> . - G G GO CE GP G GEED ED G G5 P G S TS G D e . -

. MY TTOYMAINDOD 40 SNOITLIVNII MyA-TT1DY
' (LOQHL*S°)) TUILNI=HIL

* %

N9 N ) IO
MOOILALDL wd
* ol D=0t %
TN == Z=OD
N oo Z 1t 22 oo pe

&PQE-«Z-Q '] v-nE‘

QOQm i I} O r=tr=

CLIITT N Il # )

D= XX > >O0Q0<

284

°Ls
=00~ =9IN

(W]
[
—
<
o=
[=
w
[t
g
Q.
*» %

. . T300W JIWVNAQIOY IV M

0
% Jd02E°LGaYy *BBT +
. (E*LS/D-€EAN)
, **® ~1€°26/100D0)2€-385°09C+1 00EARE-IBS°Q HE~I d
. QXsz ﬂ L

- %*

. MV 041N 30 SNDILVADI WOLId

H1)S0J)- JZN =)N
.o.m-mm&m*o.~+.owo-QthfooNt uu~z

A JRVYIYIV ¥VYTINIYII 304 ONVRWID

* %

* *

et ST e wwC R TR s S s e e e . ,
R -w.-- [A ‘ [N N A — \~‘. .t.~~.-!\ib.‘-\b ‘. «.. -.. -..,- CREAEN .u...- A-- M. LA S..- e e »

K ...- PRI (RS R
- DR LAEN - ERA S A Dok S D




Ty Pa
- atat WP 3

2 - !
(M)

. -
g b \
" d
S K
Q '4
* Y
-— - =
n ~ “

° -— ~ ~
[ [\a} ] 3
un °
Q. X "
u wn (> 4 N
< 0~ o A
~ [« » .
#* ! < 7
@« -t < X
n »x a .
4 - <

[ » WX =
(=] un + w
(%] M~ N AN =

. e X » -~ -

[ [= T | acs <

n * ~ =y ~—

~ -~ D= Q#* p'4

['4 ™ -l g LT3
+* o » w (S 1. 4 xa
~N [ T4 Q +0 Qo
o= 0w ~ o Vd - oH
~— ~ o+ x #»O D= Z
»* - - <+ QaQr-
0 Q = (& N @O TS o
[ <) Q Q vy 20 O, Jd

WV A AV X D% Qaw
> | N < - < | - o)
+Q - XOQ 2 % = Q) QA =
- Ol%* D 2 QQ =t [TVIRT L)

-0 o= QO ~ Hd - - o0
™ bt ¢ Q - N < Qo ¢

M= XNQM Xl > #+ [~ ] - e
[ AR 2o AN VR | a Qo w ¢ - [+ 4- 4]
0N o r=>w I » T* - U, LI 2 |
NG N g t € #<9 - - Wi - [& e [TV
QA et | QW o %l b3 Al [ g - (S} Z - a0
#* O W'D I Qi edd ™ S ot o L (5 fond [c=Foe T g
=0 W 9% N t OfwS L™ Ll et and g ™ Led <Q w) LK oo |
Mt PO Sed N | U ol OLOCOO0OLVO ™o * qQLgIO
SEOVS%% 3] SRRl R™soo9%enoes § 2 ses

[ K - vl w
N NOXH = <A N L -o oo -o -a:czo.u. wi * ‘Zo <
=t eeQAEr <1 ORM~H =Y QO Q00D QO > ne t = - ey
O ertrmitN®# & D | el n e e ¢ 0 ¢ O 10OO Ll W mma;u.uu
A IR RUVTD P WP N L) QOwOWOUCO) ¢ 9 ¢ 9 Q) hd NN
WO P~ W] -—@QIQ.W® &6 DUV I} - o) e ) e QIO x (7, ] LZrm
C~AOUNY | =~ | %R~ M9N ™| Ui el t Q o o i
Sl I I I | 3' NZT oA oXq, = ‘ XOLLXBOE AddddD O] O INNE
L < LA L i . O-OQVOUFOXXXXZ Wi # <Q<Zu
HHUNANF=A O»] QO NANIX X1 ZEEZ= 0000 25 O £
[ g t I Fuunnet u O | ZrZ 2R Zr e Db U} ‘ e VY]
QU000 W=l Q2 W —y | rtrrtost || " ZZZZT v < XO2Z2
QQAQAVA 4l OO0 HZw =1 [ XS] ll Wi HWQ e T | H EZr =Xt
Fetrd(NE X W >QOOOQLIMLE £ ) N> IerdrttONOLOE N H B B Q) N WERLUD
QX>XQO x| Z20AWlLLXes =] >O0QX>»>XOOQoxXauw <l 2 F~xXok=XQ
o
)
* % * % #* *

285

e s Ve I T R S P Wt te vt .
et L T R P T AL .., DT T
- A .

N
¥l - - . - - - . . - % - - . . - - << . ) .‘ ~ - -
VN G R BN . PR A Y R . P PR R S R PR S AR N AN ST DR SR




- e "% -
TN TR

S .‘_“,"_ e _5.'*._ R Rl TR S A

.-
——

Pl
AL
oS

.
2

.
SRR
'
L

¢

<
(ol
x

-
= o L 1 LS e WA ™ Ll e
WEWEOTVAVUID
et Do e S et
Q. po Qb= = Q=0 =0
D 3 e > > =
3 e S S 3C = G b= 3¢

o Y S o N |

wa wa o wWa.Wo.wW o
Ok= k=GO QO Q0Q T
CQIUIVICIOLINL

a.Qa0a.0a0a oo.wmg

Z%
'Y X222 2 R R ] W~

+NZNLZB
» INER
2QR P s FD

-, ':- . 236

NS
AN
RN
ate
.
.

.f-

:. et f‘.."‘}.\ o .I‘V}\j

DS PRGN YTV )




—
(S) u. )
w >4 1
oL < 1}
e (S
w € ]
A= |
(& LA X 22 X X < |
Z * * -~ 1
— ] ‘t -l I
- * * e
Q. * + —_ |
o * X X |
(=] * vt (=) [
o * -+ Wi
* 0 - I |
- * us i el aadi o
< #* = OO Q ! .
— * - % % - | n
b= + O Zuwe Lol ™ B | [
X »* < T a. ] - J
uwJ * J Qu® Q< | N~ o
Zz 3#* o4 % - ~ww "o
— . — W% D= | =~ < o
+* T8 L= | NULOWwW -
Q w ® a K3 < | W O
4 1} 3* [ d o &) —~ { WD w~ ol
< (%) # 2 <k —— ] O~ N =
wv) * vt po Z 3 O | - O -— [
(] < * - % [ LT | ZemZ Q 0O -
— ~J #* 1L —T =z 1] o dw) << -O
R [ Q # D L= ] DL @ N e
!’ , ] X - # < # W | =g Ao wn.
A w . * Sugos e 2 | Etdx u < < ——
=z a #* " -0 | O<9Iw<g QO £ < S A
- Q #* eI ZDW e T Qaua Z -
x L and * % °| WOWw —~ o~ < [ 24
= #* OO Q=xn | 20O QD Q T AN O (sl
L wv +* ¥* L= QU O Wi~ - Z 2 ([ o
xX Q —t # O Ow ol g (V2] 1oy DI~ < no
b ‘N 3* e G w! - < S WOODE ~% - *
o W » D= * Q. | I ~E-J LNYO Q WUETOE 20
Z 9 x * [AFWE Ode | XX I WINW - QUWO ® o
YT - »* »* NXW | CEOXE -~ IO (B TSTS I [ T~
o - - * wea % Wi | LdXZEY Ul wZz — L]
a < - | - 4 * —-Z | W Qu~ 0O QDWW W D=
g N -~ o * N % QU LZTZ00UN Z200QWo 1>
— - N ® <. » QU™ W O e W 2O 3 =
x - 0 * —— - Jl <L<T=T ACW=-0O0OWWZW -e
— ~ O 0O R W * ol Qg Y =TI = ZDOWD 00
zZ N -~ Z # Eox* OD | AFAd>OU <ol et O = e e
jond o o W % ZwW »* SOl L LQAEA = Z O om
z M= - W * % —d | EQOOO9 £ —JZIOZ nun
. QO a - - » Wl ) & WWrZdaa o et et W@
" [-'4 M S>apuy LLx W V| Wt XXQUAQ QU — -
R (] 0O O < * * QW  Z OdDddrtt=fd ~
- U - 00 ® W g Y wo UL UL L O ZDOODT - aN
L >ZO 'l* ZO » V)t , Ii— I l O""<(.'JZZZ)—I<<--< [« L)
. %] x> * TR O e Y
F_‘ X Qn.Otu.lO* OLL- *» Qw1 P-UJQGUJV)I1 I'— Lnd [s 4o 4
- - 4 ) - 4. P al ] * ~Od |l =ZO0 WO Jd SO Wi
prd o OogII_ % = * #—E< ' [« W e ] a] QO—Z.J_J_M—C\.<<j_J wed o o
- ) VL ADZR - * e QU™ quwil)
L.‘ [ ] Lo -4 YV, TP » & - se e s e VAL QL (X O *° — 2
i o' TS I T BV, ¥ ] » —-~To | . oamoo [T
' o ikl P > - Uelelld | O Wiiescssncs st snsey (W00 X
' (W& WENWIvy Ty ® Ul | MNMNTN D= QL) L9
' o e e * OB~ LZZZZALWUXALLOOOLAW =—aa
.- x -~ #Xa.X® ~
b', v A S S N LN ~
w (&) NN AR RR FYITEEEIEES LTSS AL R ER X XX
k
’-.- ~-. e
". - "- -
L RS 287

NS

. C e Y et e e - - . . -
T R S R YU EI Y SRS . - - -t - . . . - — . P
A N R N 2 W e T . B T T et P RS et et e

.
PRI PN AT Ry Co- "

(AN

- - - . -
P I AN I I AP I A A A S A T N T TP A R I R AT S e

PR AT SR . W Y I T D T S N TP S P S P IR R



. - .

L] [ ] . -
3 [ . e @ ) [ 2 [ Ve
. . . L] 3 3 . e @ e @ ° e e e o -
[ ] [ L ] [ ] L] * . LN ® 9 . [ N ] {79 RN of
. [} - - e e . e
- S - L ) S— . - - e IO

- L (aa U A Y s I I Y e ] - - & e B ey [
® e~ mem P (NN DO ¢ U e —— Dem MUY D -
- =NO OO0 NN =i e O ~OV NO M= 1O
M N PO ¢ Dese NO SN P Mo O VD O - e
N O OO0 OO Q emNO & Mg O [ ) O OO
o ° e o) o) = e OUNM &« ¢~ e Omt O = o (N
* O DO * | O QOO0 e QD ~O .a &0 -
Qo - 119 - ¢ QO e O - e .~ OU Q¢ e
1 Q St Oy Qe QTN QU QO L 4 O L e
- e QO (=l QO e o N D TN =N
o W ¢ ted TN e TN ™Y & & Jw o = e NQ
* wd JO wewrn war(\] 1 Nem e W e L "~ o NI
O e (= - o) - e 0NN S By, T~ B amen ) e
o - S st s o (N e (NN 0O\] =N =D N ON o)

—amen e FNNNN PO wO ¢ OF O NO O O
o F O OFOQOeutrdNAIN & [ Y D 0 N o N QO | =
OOt F O OO OMNQ men o FY3a) [ Ta2} s e Oe [ J®]
- eONOOO *O ¢ DO *OINOO O = O« OC D D

QOQO ¢ oD DO & s o\l & o - - ne O e 0
o] ¢ QQ =1 Q) *OQ *sOQ0O00 D+ O ¢ OO 0 Omt
QeI 1 Do eond el & ¢t 0 o0 8 Ormi o
1O eoeeaesOD0O 'O *D0 v Dmi Ord DY o - o
e QOO0 ¢ 8 6D ¢ 0D ¢ o B wewr W - o e~
DO * e 0 ¢+ QUNwDID~OO N~ “e o« e~ O

SN OOD o\t S 8OO mm mm =~ o A NO
P\ rmd s Sgomas & e ) N OV O N~ D=t O
- B G o[\ gm0 L) Gy oms ey e o (€Y 1D ol oD D e )

o e (P () Dol NP | @ s e O ¢ OX® QO DO

N\ Qem Do OV FAYIPFIANAD &« =N AN N -e O« ||

NNV ITNOODOO~~dNNO=OQ & | =« e a QO | O -~

~S~ONNDIN ¢ +OVODOOO o4 O O OO0 * - e MO

O OO O 8 8 88 0 s ODF e D e O ON )

L * e ) | OVOLVIDO ! o | N N TN | e [ Lo B 2]

OI1ICO0 IO *en| amnaeoDwed P |rm s T | =

oo eee|lOVUO *ONOO0 allw |~ ww e | & ol

QWUWOOO & 0 0 00 ¢ ¢ ¢ ¢ 00 & w |l ) S [T L 4 e
* s 00 sQPFNY ¢ FNFOE ¢ smn™ )| =INO=O o oM || IN=~>D—~0 aa
FOLOF e |~ | Dt | et | DONMOOUN e DMOVOD~OONIN o F o o~ o o (N ()
[t | et | D s v e et es s el 3 0 00 QWM Sl 0 0emi oD ¢ O LI &« &
N gt P get st et 1 elNO oot otN | 0ot D Qi | ——— e g & e <L

L [ L] " Ot o ] Bl t D e | & LI XLY > -

" " " Q *Qu. sOa. *ua ~Ja «ua v Al 185 [P0 18 125 o WY 2 Y

FLUMCTIONS OF CERIVATIVES

H

oo O X O WO TLO IO L0 V0O WO * LU LI LI

L O O O 0O 0O 0O O 96T o 7dq o T '3 q o o F  JIZ5>-000000LUCL
- Z > Z d > 4 2 Z0NZONZONTONEZONEON QUO N s ZF
O UV U W W WO W OOt werQwwUwwrJewww www 2222200
o & 2Z IS LI U ~

W QOO0 V0x X

Z 2 2 22 Z 2 2 2 Z < z = = b4 [OTL1L TRV TRTRVR - £ ¢
0O 0O 0O 0O 0O o O o o) Q 9 o Q OLiL b <L >
b Pt bemt bt g Pt P g gt — =] — —t - Lo d= 8- & = O [N T I T I D S 1 65
e T R R R A — - - — - b AT & & 8- &= s
[ A "™ S Dy S R R o (&) (] < 9 LRS- -9 > ¥ ¥ 401 4
£ L& L& £ L 4 L £ <« < < < < < CIMWWIQLQQ U 0
@D W DD D DD D I -7 - -t 2 - P ad > d e el L LB
W U U e W e e e W [+ . ¢4 o U LOLVVYVOLLLLLLY

*
288

- R e e e e e
. L R e -7
A - - “® e = " .. - ~

Ladaltatalnt s Collallm

Py Y Y YWY SR Y P A

. ,._‘v..\-“v-.r.v-‘_ Al .“T.\':‘ AN A A Sl A A A A AN R A A AN SEATI AT A R ARG P A AR I i N RN S aPl SO0 ghit o



‘AD-R14 193 DESIGN AND ANALYSIS OF COORDINATED BANK-TO-TURN (CBTT) 44
. AUTOPILOTS FOR BANK-TO-TURN (BTT> MISSILES(U> NAVAL
POSTGRRDUATE SCHOOL NONTEREY CA 1'S LIOULIS DEC 83

UNCLASSIFIED NL




Far a2 LG . i L QAL Wl & A NMELA TN QAR Mo £ AN 4™ AL S L ML ik

¥ i 78§25 T '!

b
3
; ““ oo £
L §20

; 3.6
..l » m l -8
)&

'o .

FEEFEEE B

a—
.
a——
er
[4

(4

= : |
s s
% ||.25 ||||| 1.4 ||“|l.6
i ..\‘ —— e S—
S
Ao
)
;“4 MICROCOPY RESOLUTION TEST CHART ! }
: .’. NATIONAL BUREAY OF STANDARDS —1983 - A .
o
* o

(A

.

)

al
]
o

Y
\l
AN

AR

SN,

¥ |




{
9
L
Y
9
AN

AT O,

\.\-\

)

o WEo

xreMrgaaw

=
<
-
-
Q
x
[
Z
()
(=]
[
o
(7]
Z
o
P~
—
<
pe)
(= ]
(7Y ]
=
L
>
1
-
-d
(S
- 3
* ®

(10014¢
(JINISx(C°L6/Y)
AAT/HWI%Q%S«0

NP tQ O e O ¢ ¢O
N=ZN | o ) QN
NNl Lot L o e L
N bmpml)@Z et || ) = Z Zome
WILIQ= 1§ § =N =~

LMNE ¢ o 0 cOD OF o
289

LSl RS JUNST. Sl B
PSETELLEEOFES
NOQL L W =N § § L
LI X L2 20004~

%

T - Gn T R TG G G G e S GAD e - *

T3I00W DIWVNAJOYIV 40 SNOILVNDI 4J11d = :

-+
¥

CxlIN-1d]=)d]

(E°L6/710QY=-A) %63 90Z- =1702d0
(e°ls/) +2d0 nhum~ua
Y=A

s8L 1 0324

. (X=-IN&€ESOT° 1) =t

o), -

P
{
98
av
‘0

(

O~ Wt
S0 M-
#O® UMD

MV T0¥LINND HILTd QITJITIWN ) SNOILVIDI

(H1)S0)%#€16°0-JZNe0%6°D =)IN m
(0°G6)d31S«0°2+(0°2)431S«0°2~ =)IN ¢

INVYSYIV TVIILAITTII ¥OJ ONVAWID

L 2 J

»®

..
4 4
.w--f-.- '
a0

YXXEWENL I OONASArNl YNNI IRy




haabldhA A Sl A SRS MO M M A AN DA IO A R R D D aet DN SN R St 2 R AR o P e Al Sl S s s o |

-
]
[ ]
r~
"
~ ~
Q. ~N
* -~ —t
- (22 “u
oy ° -
o e  pad -4
ot n Q
" ~ *
oy Ny, Q. L. 4
I ] <
L L -4 oui o fam ]
[ »x N z
w ) - X (]
~m » ] + X
[ ] Y - >
or~ n > Qe
oun P - * N
[- 9 o ¥ L€
LT 4 D W >
* 4 + 0 Qo
- -~ e Z%
e 'l M o - | <
P G e O w | +t
3% Ll Q [ [=]
7oY. -] N o~ (=N} * J
O N~ = x) <O
W e - Q ] - E ]
<O o Q (&} Z>
- a N ol ] (S o]
=0 a XL XZI ~—gf
Nonde | Il < %< ZI
oM = = Z () 4 Qi
~ 0% Q% >t X £ND — !
N-OQ QM Q1 N VJd [l
NN Uit ¢ O - RO <
el XNt ol > W [- |
WANOVwN-tn Wl G Vo wy -
Qwd o~ <| e -l | U
Q% =0T | €ig - - Wi
tm Gt QNG Ul > em - - QI Z
OO4WASEO Ol O o~ = O oo o CYome Qi o
8 oL Y ¥ OB | >0 o S e o e (T) e <t 0w
Peetfp VD oed V] ONPw QWAO0 OO~ o [
NN OMPemid B b, Q>OO0O0QE0 It = -~
) N> ¢ O+ Wi dmam - NI == NQZ OO 00 <1 >
2, -l WL =t BN o9 @ > IR A It LI -) £
" : B OR=NOX® ™1 gCEAM~D - O ® & ® al) SUE Lk [ ] -
N O VO +4+0¢ 1! a+\® e Q QOO0 QO oaen x|l -
", o Ol omiedfNP ¢ D | Dm0 () oD 0o o s 0O DOOCO Wy W
o O VIO >XIND a; QOAGM e Z 1 QwOQOOwO o ¢ o o 5| -~
N2 ] o @MR #§ B ~® W e ¢ NN O = e jwQO0O0O v
W = O =DND |~ T RZTHOONN = S dd A e emell) ' Q
™ u.«'tolu 1) “0 3: w;—c‘r‘:m a.n. :l xoczzz%a.a.a.a: Q) O 4
{ et A | ot w
= BEB3E wunute X| AE'RBTE 3| 2220L230E8E6ZS Y| & 3
" ) Pt ) 1Y Qrunne n O ""“ZZ"“O-O—O—O-D Wy ™~ e
', = =0 WOOWQAO ! Niebepepeif, HQE W e ettt ot FLITELE ™~ X X
o < AW LQOLOWW | QUKL =1 $OH RN IO ey L) 0§ @
- ] (P remtetNEX W >LLILIOOQAM™E £ NI mimNEE RN AW VDI N W
..,‘. (& ] WVQ OX>XOQU x| ZoaxQ.U.WXrs =) >QQK>XDQ¢¢QU—° q) -
' N
:'i‘: L) w -t
! - L X J L X J L X3
N - g
ﬁ; .\:E"C'
b\ ‘n.'-
N 290
lk-(
>
]
b)Y

TS T TGS JO P TN S TR TL T PR LR
* ‘.h "’AMA'* h*\A.A_\A}‘?A\-',\



CUTCEL=0,050 y DELMIN=0 .5E-8

o »
wWo
Ll * L
—gemQD =
LY ] o
ZZXW -

¢ INER

il 4 ad) ' o]
XX I IED
® oPwirg )]
NN 0. =0

ZZu.
wWeawod 2D

(L. {1TWN_-QIT].9N "}
Cra R p = OO
Qo =kl IR ICLPr=I
[ 1-W 0 4 ua.on.wm;

QX3

<%
WS




Al Sl Lk A A WEYELTLYS X

[ ]
w
a
-y
<0
2
ot
30 (a4 [
at v [ -] Py
ol o @ (2] e
WO Q ° -
*iili*i: ¢§; 5 :-
»
- g 2= < =
» o * X f :?
- 2 : By % o =)
: - Q % Tl g [ N l.
» - r~ 0 o
* U Z #» a2N - ~N oo
» - ® (= [=]-] N~ 72 °e
®* &4 N » g @ Ll 172 N QN
*® WA # D=O)=wiusy %o (~
» » g N | NUIOW 3.00 °.~:
[ ® KD B T e OwR on i
2 % %o} 353|723 3 el
I 3 - S » - 0| Q=T < Q- -
s vy » waqy #» XD | De=rgr=e aC - Qe
w 'Y ® D » « e | <= - - - N e Q
- ®» XX B MW §<<< o a oo ol
. » < # ZO=|TxJx Ww S g O > o
a ® Wy B LX< Q & & M 0o
(=] » %» - o )| QIS 2 w - :)x( oﬁs
oo FIEI a2 fe2 F O
® =
2 » ” » 43 gL NIN a03<~< &? a5~
] 2 oxxood 4 Wi 2, JUS QURESE 2 TN
- * UV W O | XEX] WS —-WOWWGD DO 000
- » O % O <LQX~ OO QA t? " 2?5
. 2 uety US| d5=E52~8 UEuww™w o> wiodi
- a ® D W QOOZIUIZTTZOGU~ zaggmu ;: : SLJ
9 - AR o S e T B P Py -y s528 YT RiINSS
- ® O R W e ® XEQ u~<x~¢~<<m~goumu 00 «Iig 0O
N - Z % o #  COD | AU LSO DIt tet I ee > 10N
e o W # 2 ZXx @ =0 | Lo < Jlt v—-s gu-nu u°\.°4 = | s
B2 Y98 «"a ! LoY|E203E23.% =25585 9% &l
N Den § W 2 O N|0IXXCLDICHUNIE = e o
- O LR DTN DN ZEC QdDdd™ =il ™~ i@
— ae B » WO AL LAZINOTR e QN W1
PELIIPN Lihrerm ¥ vimgt | ALt | | WAV EL LI LA™Y Pt (RN ]
" - T ECTE T I ex  w)
.- AUZTWON OO ® Ow |FWw
o S5ES51-c.  § CS¢lTEeSgeo ddionax 4 e 313
~ N nszm-z"’ * o=t I o Lt OO > 40 S :::
5: I ey +- S * Z.E wornoqua>daate  OX :mé 2:%
e o 9 00 @ i) ™
"'.:‘ OnEaone - 2 BRI AR Rel rRaE ek 1S
bq —~w e e % O~ ZZZZCOIXAULLOCOAAD Ao wiw
# 30, 3 #
M "\\ -~ »
g% - Q\st“sz.*aa... FTY PR IFT IS Y 2 Y X »
T,
Rl 292
LJ‘g
)
o 4 N Q.‘ l-‘ '-' - '.. “' i‘" l.- - .~. I\ » .‘ - L} - - y
v T AR T ]




LR A

o=¢=l.

bt At A’

A A g

At

e

ETAE TR AR OAR ST T AT EN TR TAT RN AT AE

e

(dJ* v4dava)

ERR )

_ IR

v

\ A G

T R 1 e
10e71)) 1244 0-00 56
LTI st
R R R
5 I LR 0 )
I EER AR TR R R R RS w_.mmwmwmmm
R S E s s I R

nmto 0°'0°0
LI TR 91B 8 B Mﬁém@m - vow
1134 °

R AT G R R ! i)
Tk IS R n..%mﬁmwwr AGA)
tieigcosdeteligie Qw._mw.o RIS SGET oy
43 mm%mm G070+ § ) m“ m»mmmm.mﬁm = AOND

“udoOI.OoOWW 8e0° Olwconvm 10°0-'6°¢

*ee $1890°0-°0°%)° (592°0~¢0°0) ~owmnmunmn M = 3h)

SN TSR e R I T

WAL OO0V L
OO b Uil W T L
Wkl KAQqIAD >
e LK LN L5

e 5 B

5n4n<<<§<33
<L > > 2L L=
ZOVVAQQAA N ¥
P AT AT I AZLD,
QLLVLVLVLLVVY

NJI LINN S
NOI 1ONNJ
NOT LINNS
NOI LINN S
NOTI 1INNJ
NOILONNS
NDILINYS
NOI LINN 4

NOI LIONNd
NDI 1IN
NOI 1INN4
NOT LINNJ

NOI LINNJ

.:. ALY, xug R LNt
* . P-rp,ln.,_.rn\ll

Bl




® PITCH EQUATIONS OF CONTROL LAMW

e
NZCs =24 00STEP (000 )42 s0$STEP(340)
NEC™ g2 OllER .

® CCMMANC FCF CIRCULAR AIRFRAME

E

Z

QX 41509
=KA$Q,
Gl

A/ 5703
5808323 073 . 3348536 6%(v 3-a7 574 3)

. ]

§¥
21

# PITCH EQUATICNS OF AERCDYNAMIC MODEL

»
7
3

!g-Xl
'g011&27tu3+KA‘173.385‘(NC-X!
21234
3-A45
4957,

&

XBEIR>OQOQ

-~
('S
-
> R
3> =
-
-~ ®
E =~
(% ) ]
[ ]
&
% W
N N
%* o
(31 -
u. [] pen
% e g e

pooroosaacEES
32a¥SFATRERE
Wi wmi & & oJgf &
= ) () *O00 ¢ O o QO
DM@ 000 ¢ ¢ OO 00 ¢
N N POV wD ¢ O
VIS ZUNV w0 o o o O
3«\9;-.4:;&:.4*4
| -Ow &’-;P“PWF
LU = P Aamion] 2
" !-'-OZE-»-. () -za;.z-'-o
MOQQr=t i B N =N § =00y
NOO I N =N O.Q. § N
0 XEEZOQQPL-

294

# RCLL-YAW ECLATIONS GF CONTROL LAW

*

Qo
-t
w0
Q
o
Q e~
O
-
-0, %
OWw
= 9
Ot O
'R SO o
wWUNY ¢ OUW
NNt
u:-t'l ° op=0O
PN et QP
Ed tON 8
e o ) SWILILD
gL LO
- e
w o
Wik (LI
2, Doe=e

<

Sl d A A A B AR A A I 2 0 D R A O D M M A Al M M A 5 S i ) LI/E A A RV T AE AR AN R T A S PR v A e Y v Mg oy ple € of

» . aa .

PP Sy

AWRA L F o o




- -y
} ©
N .
0'1,(. = d
R WE 0 ~N
[ S - ~
ol () -
£ ey . oW J ~
- ~ oy
@ [y, ) (13 o
+ e )
i a ?
vy omn ] <
N [ -y -4
bt ~ % =
n<g - s
: S » 2.
2 5h 8 £
! - L]
f:" (=1 o N Q™
-..i a.r= * X .-
oo s O <«
>, —~, * = Py
N JNTS ML - > Q#
: L b o - el < Z!
r~c * ®» w g Ql
-~ = ~ 1 a +0 -
s N - 0O o . -
N we N + X »0 <
0 <uw - = <+ - 4
:‘.\_ ~0 o E (8] ms W
2% -9 [ —y |
o 1¢V G OV X 3% ]
2l Me> | NE < -<g 9
m) = XO = % > (& ]
3. 4 L% O 2 QO <
C OONOVA e~ O ~ hd
3\ w s bt e O - N [ 4
7 It XN~ LI > # w
% NN Qo el  WJ ‘ Q Qo - 3 Band
L™y QN® sHhin>e « % TN 2t
~. R QAT NQ ey I € ¥« - - W -
~. + ot ® o>
N clardeha B TS e ST E 1]
= LD, % N ) = O e oo e LD zIlwn
Q emipMNW et N] L M\ QOUOOOOVO ~amme t®
Mo o bt B3] dosh e aaNaERRAn 213
ZQBeSSE 2| TR NASNEIRIS =1
-~ P ettiNOXEN -~ Q. v m o oo e ad oOXO.Wb  od g
WU QO+ a® e oM Q 0000 Q anee Qg -~
0 OO emiettNB ¢ I > CND r~e WD o 0 0 1D 1ODOO we e
Q PFPUEDXKINUIW Wi WPNRDM U £ DWW 0 ¢ ¢ ¢ &)~
N RPN ® W SULT ¢ NN D e www dw QOO0 -t
= OwremtOUNO | 4 I 2P O=ON "™ SO d X wrelly 19
(TYL (w [TT) 111 ] 3‘ NEZCT o\ oPh Q. O—' 5@!‘&5@¢JJ-J-JD [=] ' W I
=11~ [ ] L BB N =IOV EZE WIN «<«<Z
z:u:zo- N RN >} g! 'W\t:'ﬂ 1 Sl ;‘0—;;0—2;@0@% >: © X
=t =y e |~ ] (A RE BN r—Z o e o 4 win melld
[ l-g 000680 - ' pbepepeil, § & W l -t N -.--.E N ZETZTEL =i IO
- 4 2V Qoo i A0QCO N2 = HOBBNNORN== TIH &2
(& D> >etedNEE WL » OLOQMLE LI NEJrmiri(NEX NI N W HW WI™N WN
(¥ ] WO OX>»xO0Q i ZO0AU.U.XEre = | >QQX>XQOQ¢Q.U.° <1 Z =~
" ] el
% % » % * %

295

TS PR S N PR PR RN DT O T A A et an
N A N Y N O N N N S N AR AR



veer MR

s
4

S BR

b
b

Y.'v::-

26409 OUTDEL=0605¢ DELMIN=0+5E-12

n.o-ton.ou.u.mg

ZzZ%
(TN

296




TIARFYYA XN YARFS,

T ¥ L"ERIL S CET,

,

»\".

9’

APPENDIX X
CSMP PROGRAMS FOR MINIMIZATION UF KINEMATIC AND INERTIAL CCUPLING

(32 Yok o o SR, L5 LR MEEAAS RO SR

F X 2 2 & X 1/

»% *®

% *

» -

* *

* *

* ®*

»* *

%* %*

% w0 *

* O%

» - »

* W 2N

w »

*» X -k

% o *

* Q) N

» - *

(L] » [- 4. 0-% ]
] * Q *
(7] % =2
w * O *
L4 * EIO%
-l * - »
‘< * = E N
- % D *
- » < %
. » <« %
(-9 % Z %
Q * P | »
[ % = =R
» < *

[7,] ¥ k= el
—t » (S ] *
it *» =m (e,
Wl * -t *
X » O OxX#
Lod *» (o *
e » I g
- * (-9 *
-~ Q % & NZH
-, N » -y »
-t -l *
N - 0O % W I H
o o Z B -l *
~ - W R Z =-Q%
Q a w » ('] »
™~ e ® ™ E&N
0 O w » »
—>ﬂ.g (R K2 1 < J
ﬂxf " : WROA :
QA.OXTWQ # *
ﬂsgs_lﬂ-l IO *
w3%3z8-z £
LB ~ldiont g *
s -l »
bl R ™ »
(W} & JINW 7L J o *
Ll 7Y} 0l P *
- BXALX® »
LS 2 S N 4 +»
LSS SR NI XTI L]

T
l

M
R
L
R
MMANDt (RAD)
NO (RAD)
AND (RAD)

TV
BWQ
Wi
=

W U=~
WZIZQO U~
WO Wl WeesemUie g Z UL
QT2 O<W=-QO0OLVWWZW
O L = LU= Z QOMOD
. ST TR (. 4 4=18 e ™ Lo

< LY wrZ OO
Xa.QQrOQ < - JZZOEZT
X Wl ottt (Pt

Wad XX VA D] S I -~
L Sonl ) OdDdd™t dd d
bl e 0. Z DOWOD . sttt e

Xh=q | O~<QZZEPI<<—<

QAL > 4 Z<U Qb=

= UOQQWN I < = -

;zgoagu jdau~2: -
S 1=t (wTuT. i [

o0 00 00 e LVIAL >~ L XL Q. ¢ e

. o0 oo O o0
W) MICL) *0 o0 00 00 08 8¢ o0 i) (W
L L F g [RITNN P 44X

LZZL£VTPx UL LOCOON0

HERRRERRRRARERETIER

D= 1650 00y K=0 4809 S=30 141592,0=2.04822475.0
Q021629 20 V27903  Txx=110-8 k1218429

(- 4- 4

ww
(i
o
—-XE
e«
(] £ 2
LY
L J-92 9

A R SO CRIRG R LU S BRI L OOk

™t “-*

B

v
Lala

e w v o

.



VT T A TV T TS .. LR LA SO0 EA LA O

A
-‘.. -
.

.f.'-'_:

n‘.f’.c' DAY

Guprnmmomen(N  emeniA\(N 6N =y O WNe= ON [l

- ad NN E QMo wwed ¢ OF O NO O e OI

NmOPOmtedONN & &) N O e Ne NN 20 | =
et PO 'QOOOMNOD ™ o o o) oy o e O e [ o]
MNOOO ¢O ¢ 00 ONOO Q& O OQ O O
OO * | O QDD Ns e O O oo O oD

[}

[ ]

001,4 IO.C.-C.GZ'”. XX
23?)'(1Co0'0.024" o e
Oy
0
(
6
0
{
(
é
2
4
0
4
2
)
5

-0 .0

@ ¢ 200 »1 O] =00 *0000 O O OO 0 O=
> ] Ol QO el e rtwed 60 60 ¢ o Ord wow

" oo nntOO0 00 QO & Dt Oml OO0 v o
- DMV 0 ¢ 01D 0 ¢) ® m & wend wwww e ™ - enen
00 ¢ ovwOUNIwOO=IOIIN\~ L] LY s mam OUN

"‘:n, o\ VODUY o\l wmi alNwrwrwr IO e “mem = o AN O
_~3 P ot ms s & o w0 SN O O A D= OM

8

X

b

)
0

Q
0

- & e Bl B alfy semansn ety O oh= D O o )
Sin e g ahemiffen PN P | 0 s e D e ON D 20
A DeD O FNNNNO =] DN | N e Oe |
NOANDEFNQOQO~INNO=~O * | o woe 00O 10O -
! =MONNOW ¢ Q00000 o 'O 0 OO o e QO
V) O 00 OO 00 00 0e00F ¢ Q¢ o FO ON e
QD ¢ 0 0| | OQOOOOQO ! o | N oM PN ) o emd FON
CIOQIQesa| aaeatQuwm Tri |m wN T |md~
conea| QU0 ONOOD o~ |[w wrw [~ | & welil
OQOOCQ & ® ¢ 000 0 0 ¢ ¢ VYO & w ] WwoQuw swas §§ o0 ——
A BTN E AT o e oL Ly ey a8
0§ ol QD |t | =t [ - ® [} — g g o gy
.3.2 w-‘—v&-w = Qooo O Cmdfn © oed 0D O gELGL >
- P ] ou\oom-c.u\l WO QOO | memem o oo oL
Gt SOl pomi e oD ae ae| o CCLI>>>ULX »
QA *UO *Ok «O0. *0O0. *OQw. *J & * iLLQLIA.O.
Q0 WO LW OOV Q0 V0 ¢ WL E > L D
q 1P T o g g o JZ>LVLLVVAL
Z@NszSQNSONtQN:QN uuu-—wzzzwzzzs
el ) wrast () wue P ) v ) el Jurae  wPuras
b et gzzmwwwme-
WILIWIOOOVVat X
Qwu‘.tu.:l:;(
U
LEEATTR Va0
EN i idqaggass
Lt P edat. I Lo ot
CAMALIQALIOL N ¥
Ol e P® d e P® d o, o B,
DOWWULLVLWLLLO

FUNMCTIONS OF CERIVAT IVES

FUMCTION CLE =
FUNCTION CNB =
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